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Nayeem Ahmed Ninad, Ph. D. 
Concordia University, 2013 
Traditionally, remote communities worldwide consist of autonomous power systems 
(mini-grids) supplied almost exclusively by diesel-engine generator sets (gensets) at 
relatively high costs. Integration of renewable energy sources (RESs), such as, 
photovoltaic (PV) and wind, can substantially reduce the cost of electricity generation 
and emissions in these remote communities. However, the highly variable load profile 
typical of mini-grids and the fluctuating characteristics of the RESs, cause frequent 
operation of the diesel genset at low loading condition, at low efficiency points and 
subject to carbon build up, which can significantly affect the maintenance costs and even 
the life time of the genset. Another important issue that is frequently overlooked in small 
(< 100 kVA) mini-grids, which usually present a low number of loads thus reducing the 
averaging effect, is load unbalance. Diesel gensets supplying unbalanced loads 
experience overheating in the synchronous generator and vibration in the shaft. For 
efficient operation, the genset should be operated near its full capacity and also in 
balanced mode. 
In order to address the above mentioned issues, a fast and reliable multi-mode battery 
energy storage system (BESS) employing voltage source inverter (VSI), is proposed in 




loading for the genset and supplement it under peak load conditions. In addition, it can 
also provide load balancing and reactive power compensation for the mini-grid system. 
Therefore, the genset operates in balanced condition and within its ideal power range. In 
cases when the power demand from the genset is low, due to high supply of RESs and/or 
low load consumption, the genset can be shut-down and the BESS forms the grid, 
regulating voltage and frequency of the mini-grid system in the grid forming mode. 
Besides, the logic for defining the operating mode of the BESS and for achieving smooth 
transitions between modes are also presented in this thesis. 
The conventional approach for the control of three-phase VSI with unbalanced loads 
uses three-phase vector (dq) control and symmetrical components calculator which 
usually results in slow dynamic responses. Besides, the common power (P) vs. frequency 
(f) droop characteristic of the genset results in the mini-grid operating with variable 
frequency what further complicates the design of the controller for the VSI. Therefore, a 
new frequency adaptive per-phase dq-control scheme for three-wire and four-wire three-
phase VSI based on the concept of fictive axis emulation is presented. It enables the 
control of current/voltage of each phase separately to achieve better dynamic 
performance in the variable frequency diesel hybrid mini-grid system.  The effectiveness 
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Energy plays an important role in the development of any nation. Traditional 
electricity infrastructure in most countries is based on bulk centrally located power plants 
connected to highly meshed transmission networks. Due to a number of economic, 
logistical, safety, environmental, geographical and geological factors, these plants are 
usually built far from large centers of consumption. The generated power is then 
transported to the consumers over long transmission lines and distribution systems.  
It is also very important to make better use of the available resources. Typically, 
20% of the generation capacity is used only to meet peak demand which occurs only 
during 5% of the time [1]. Also, almost 8% of the generation output is lost in long 
transmission systems [1]. Besides, environmental issues are major problems for the 
conventional fossil fuel based power generation plants as these are the major emitters of 
greenhouse gases, which are the main contributors to global warming. Furthermore, these 
plants consume non-renewable energy to produce electricity which may cause energy 
shortage in the future.  
The energy demand in the world is steadily increasing. The conventional 
generation, transmission and distribution are becoming utilized to their maximum 
capacity. The increased load demand requires increased generation as well as expansion 
of transmission and distribution infrastructure. All these factors have made the system 




approach is the use of distributed generation. Distributed generation (DG) is defined as 
small-scale power generation, usually in sizes ranging from a few kW to a few MW [2]. 
The DGs are located on the utility system, at the site of the utility customers, or at an 
isolated site not connected to the utility grid. The distributed generation with "green 
power" (renewable) such as wind turbines, solar photovoltaic (PV) systems, solar-thermo 
power, biomass power plants, fuel cells, gas micro-turbines, hydropower turbines, 
combined heat and power (CHP) micro-turbines and hybrid power systems can provide a 
significant environmental benefit and can reduce transmission line losses, congestion and 
expansion costs, which greatly increases DG systems' overall efficiency and economic 
advantages. 
Microgrids are locally-controlled clusters of distributed energy resources that, from 
the grid’s perspective, behave electrically as a single producer or load, and are also 
capable of islanding. They are semi-autonomous systems, that use DG and distributed 
storage, and that can operate in either the grid-connected mode or the autonomous 
islanding mode and benefits both utilities and customers in terms of efficiency, reliability, 
and power quality [3, 4]. 
The impact of microgrid technology can be even more important for remote stand-
alone systems. Canada has over 300 remote communities which are not connected to the 
main electricity grid and usually depend on oil for heating and electricity [5]. Electricity 
generation costs in these communities are considerably higher than the national average, 
e.g., the cost in the Northwest Territories varies in between C$0.13/kWh to C$2.45/kWh 
[5]. Therefore, even small improvements in the utilization of the fuel consumption of the 




operating costs. Electricity generation from grid connected PV costs roughly 
C$0.38/kWh to C$0.75/kWh and has been decreasing steadily [5]. Therefore, one option 
is to use renewable energy technologies (RETs), i.e., PV and wind, which can 
substantially reduce the cost of electricity generation and emissions in these remote 
communities.  
These autonomous local electrical networks which are not connected to the main 
grid are called mini-grids [6] and are usually based on diesel power plants. When mini-
grids use multiple types of energy sources, i.e. diesel gensets (diesel engine-generator 
sets) and photovoltaic (PV) systems or diesel gensets and storage systems, they are called 
hybrid mini-grids. 
The main focus of this Ph. D. thesis is on diesel hybrid mini-grids. Techniques 
capable of reducing operational cost and increasing system’s power quality and reliability 
will be investigated and assessed in this research work. For that, a brief background is 
first provided in this chapter to explain the operational aspects and the main issues in 
diesel dominated hybrid mini-grids, leading to the definition of the research objectives. 
Finally the chapter ends with the key steps used to accomplish the objectives, the new 
contributions of the research and the outline of the thesis. 
1.1 Diesel Dominated Hybrid Mini-grids 
Diesel dominated hybrid mini-grids are formed by a diesel power plant consisting 
of one or more diesel units which serves multiple residential and commercial loads. Fig. 
1.1 shows a typical diesel dominated hybrid mini-grid. RETs such as solar PVs, small 
wind turbines, and/or run-off river hydro power sources may also be used to supply part 




continuously in the mini-grid while other(s) can be dispatched based on variations in load 
demand and DG availability.  
Diesel Power Plant Distribution System
 
Fig. 1.1. Typical diesel dominated hybrid mini-grid. 
1.1.1 The Diesel Genset 
A diesel genset (diesel engine-generator set) consists of two main components 
coupled by a common shaft: the diesel prime mover and the electrical generator. Fig. 1.2 








 Control  Voltage 
Regulator 
Fuel 
Fig. 1.2. Basic diagram of a diesel genset. 
The diesel engine converts chemical energy of the fuel to the kinetic energy of the 
rotating shaft to drive a synchronous machine. The fuel injection is controlled by a 




frequency of the generator, since the shaft speed (ω) is related with the electrical 
frequency (f) and the number of poles (P) of the synchronous machine as, 
120 f
P
                                                                   (1.1) 
Generally, governor systems are categorized according to the type of controls and 
feedback signals used for the speed regulation [8]. The governor may operate in two main 
modes. These are: (i) “isochronous” or constant speed governor, and (ii) “speed-droop” 
governor.  
Isochronous or constant-speed governor is commonly used for constant frequency 
control of a single genset unit. The operation of the genset in isochronous mode is shown 
in Fig. 1.3. The genset runs at constant speed/frequency, in steady state, regardless of the 
load as shown in Fig. 1.3(a). Fig. 1.3(b) shows the genset frequency for a step change in 
load. After a transient, the frequency returns to the desired (constant) value. 
In the speed-droop governor, the speed/frequency of the genset varies according to 
the load. Fig. 1.4 shows the operation of the genset in droop mode. The relation between 
steady state frequency and load in droop operation mode is shown in Fig. 1.4(a). The 
generator speed and power frequency are reduced in response to load increase in the 
droop mode. Droop factor is defined as the frequency/speed difference between the no 
load condition and the full load. The frequency-droop control is commonly used for 
governor controls to provide power dispatch capability and parallel operation of multiple 
units without a communication link. Fig. 1.4(b) shows a sketch of the response of the 
genset frequency for a step increase in load. After a transient, the genset frequency 




   
                                      
  (b) 
Fig. 1.3. Isochronous operation. (a) Steady state frequency vs. load operation and (b) 
Dynamic response. 
 The synchronous machine has an excitation system to control the output voltage 
of the genset. The excitation system generates the rotor magnetic field. This field may be 
provided by means of permanent magnets or by a DC source that feeds the field 
windings. Normally the diesel genset uses an Automatic Voltage Regulator (AVR) to 
adjust the generator field voltage and/or the field current according to the variations in the 




                   
   
          (b) 
Fig. 1.4. Droop operation. (a) Steady state frequency vs. load operation and (b) Dynamic 
response. 
1.1.2 Operational Aspects of Diesel Genset 
The diesel power plant can operate with multiple gensets of same size or different 
sizes. Optimal unit sizing of a diesel power plant requires detailed knowledge about 
several factors, i.e., daily and seasonal load profile of the mini-grid, annual load growth 
etc. Sizing of gensets based on yearly peak and/or average load values, with some safety 
margins and additional capacity for future expansion, results in an oversized plant, as 
remote community loads are highly variable with the peak load as high as 5 to 10 times 
the average load [9].  Besides, in a multi-genset system, multiple instances of unit cycling 




Considering the fuel consumption characteristics of the gensets and the load profile 
of remote communities, the use of different size gensets is very attractive, which in turn 
can reduce the fuel consumption rate under low load conditions and can ensure optimal 
dispatch of the genset units to match load demand. Some basic requirements for sizing 
gensets in isolated diesel power plant are [7]: 
 The diesel power plant should have at least two gensets in order to account for 
risk of a unit failure or maintenance requirements. 
 The average load of the diesel plant should be greater than the suggested 
minimum loading of a single unit (40-50%). 
 The combined capacity of the diesel power plant, with one unit out of service, 
should be capable of supplying about 110% of the forecast peak load. 
 To provide spinning reserve, each unit in operation should not be loaded to more 
than 85% of its rated power. 
Another very particular requirement for autonomous power systems is that many 
three-phase gensets might need to operate in a single-phase connection where only two of 
the three outputs of the genset are used. In practice it means that only 2/3 of the generator 
power is available. 
1.1.3 Renewable Energy Sources in Mini-grids 
Diesel units are traditionally used to supply electricity in remote mini-grids due to 
the low initial cost and reliability of the technology. The integration of renewable energy 
sources (RESs) into such systems can reduce the operating cost, fuel consumption and 
environmental impact. Nowadays, some diesel hybrid mini-grid systems include 




PV-diesel hybrid mini-grid in Namiah Valley of British Columbia (Canada) and King’s 
Canyon (Australia), wind-battery-diesel hybrid mini-grid in Canary Island (Spain), etc. 
PV technology is widely used in hybrid mini-grids. 84% of PV systems installed in 
Canada are for stand-alone applications which mean that the systems use PV arrays as a 
single generator or with a diesel genset or small wind turbine in hybrid mini-grid systems 
[10]. In 2007, Most of domestic module sales (66% of total market share) occurred for 
off-grid applications (both residential and non-residential) [10]. 
Among the RESs, PV arrays and wind turbines are considered uncontrollable 
sources due to the stochastic nature of wind and solar irradiance. They usually operate as 
current sources and inject as much power as possible into the diesel based mini-grid. 
Distributed integration of these RESs may help off-set the load locally and reduce the 
fuel cost and distribution losses in low voltage mini-grids. However during the high 
penetration of distributed non-controllable RESs with low load, the mini-grid can be 
subject to over-voltage/over-frequency. Besides, the inherent fluctuating and intermittent 
power characteristics of solar and wind energy, can have a significant impact on the 
economical operation of the diesel genset(s), which already has to deal with the highly 
variable mini-grid load, and also has its own operating constraints for safe and reliable 
operation. Therefore, the control structure of the mini-grid plays an important role to 
overcome these issues. 
1.2 Operational and Power Quality Issues in Diesel Hybrid Mini-grid 
Many of the hybrid mini-grids found in remote communities, consist of a diesel 
power plant, with two or more gensets and RESs such as wind and PV. The diesel genset 




matching supply and demand of active and reactive power in the mini-grid. However, the 
diesel based remote mini-grid systems are characterized by high costs and a high degree 
of dependence on fossil fuels. The use of RETs to meet part of energy needs offer good 
potential for reducing fuel consumption and carbon di-oxide emission in diesel based 
hybrid mini-grids. Normally the RETs do not participate in the control strategy of the 
mini-grid and usually inject maximum amount of power available from the solar or wind 
energy. However, the inherent fluctuating and intermittent power characteristics of solar 
and wind energy, can deteriorate the power quality and reliability in the diesel dominated 
hybrid mini-grid. 
Despite being a mature technology, the optimization of the operation of the diesel 
power plant in mini-grids for reduced fuel consumption and maintenance costs is not 
straightforward. Remote communities are characterized by highly variable load profiles 
with the peak load as high as 5 to 10 times the average load [11]. Normally the genset(s) 
are sized for the peak load condition of the mini-grid. In such a case, a diesel genset 
might need to operate for some time at low load conditions. The fuel efficiency of diesel 
engine decreases substantially at light load [12, 13]. Besides, all the fuel is not burnt 
completely by the diesel engine for light load operation and it results in carbon build up 
in the diesel engine [12, 14]. This increases the maintenance cost for the diesel engine 
and also significantly affect the life time of the genset [15]. In order to improve the 
efficiency and avoid carbon build up, a minimum load of about 40% to 50% is usually 
recommended by the manufacturers [14]. If the light load operation of the genset cannot 
be avoided in the mini-grid, then the genset should run close to full load for 1-2 hours to 




If the diesel plant consists of gensets of different sizes, these can be dispatched 
more efficiently to meet the variable load demand of the mini-grid. Nonetheless, the 
improvements are relatively moderate because the gensets still need to provide the 
spinning reserve to account for the possibility of sudden load increase and should not be 
cycled frequently as frequent unit cycling also increases the operational cost of the 
system [15] and should be avoided for maintenance and expected life considerations [7]. 
The main issue with spinning reserve is that it forces genset to operate with spare power 
capacity what can mean operating below the highest possible efficiency point. 
Though RETs can reduce the fuel cost and environmental impact in diesel hybrid 
mini-grid, during the high penetration of RETs, still the genset may need to operate 
below minimum loading limit resulting in the aforementioned problems. In some cases, a 
significant part of the renewable energy might need to be either curtailed or dissipated in 
dump loads not only to prevent operation of the genset(s) under low load conditions but 
also to keep the voltage and frequency of the system within given limits [16]. As a result, 
the displacement of fossil fuels with RETs in hybrid mini-grids is usually modest, even 
with relatively large installed capacities of RESs. 
One of the objectives of this research work is to address the above mentioned 
issues. These issues can be mitigated with the use of energy storage units and/or 
controllable loads. Load management is an interesting effective option for energy 
management, at the expense of more elaborate coordination and control systems [17]. 
Small (short term) battery energy storage system (BESS) can relieve the gensets from the 
spinning reserve task as well as can ensure operation above a minimum loading condition 




mode can allow the mini-grid to operate without the diesel gensets during high supply of 
RESs and/or low load consumption. In such a case, the BESS will regulate the voltage 
and frequency, until the load increases beyond a certain value or its state-of-charge 
(SOC) reaches a minimum value. At this point, the genset can be re-started assuming the 
grid forming task and the BESS goes back to the support mode. Besides, BESS can also 
support the genset with reactive power compensation of the mini-grid distribution system. 
Therefore the genset can operate with unity power factor. Besides, this also facilitates the 
operation of the genset by operating with only real power and does not need to allocate 
any capacity for reactive power supply. 
Another important aspect to consider in small diesel based hybrid mini-grids with 
high penetration of renewables is the load unbalance. In general, the three-phase 
distribution system of the mini-grid allows connection of small loads and RESs in single-
phase mode and the larger ones in three-phase mode depending on their number of phases 
and power ratings. These are usually arranged in order to result in a balanced power 
distribution across the three phases. However, in small (< 100 kVA) mini-grids with a 
relatively small number of loads and RESs, it is more likely that load unbalances will 
occur leading to unbalanced mini-grid voltages. This can result in increased losses and 
heating in rotating machines, saturation of transformers as well as malfunction of 
protection devices [18]. Besides, the unbalanced load will result in unbalanced current 
flow in the synchronous generator and as a consequence it will result in vibration in the 
shaft and overheating in the machine [19]. It can require the derating of the output power 
of synchronous generators up to 10% [19]. Operation under unbalanced conditions can 




operation of the diesel genset, the ANSI standard specifies general-purpose 
multifunctional generator protective device with the maximum limit of 2% voltage 
unbalance and 10-20% current unbalance [7, 19]. Therefore, it is desirable that the 
synchronous generator of the diesel genset operates with balanced load. In this case, the 
BESS can help minimize this problem and also provide additional ancillary services to 
reduce operating costs and increase power quality. Besides, it is also expected that the 
BESS should be able to form the grid regulating voltage and frequency across the 
unbalanced load when the genset is ‘off’. Therefore, another objective of this work is to 
achieve these functions using the BESS to improve these power quality issues. 
Utility grids ideally provide reliable and uninterrupted service with constant voltage 
and frequency to the consumer loads. In practice, voltage and frequency variation are 
allowed within a “normal range” giving some flexibility for the system operator. 
According to the IEEE Standard for Interconnecting Distributed Resources with Electric 
Power Systems (IEEE Std. 1547), distributed resources smaller than 30 kW should cease 
to energize the area electric power system (EPS) when the voltage goes out of the normal 
range, typically 88% to 110% of the nominal voltage and the frequency goes out of 
range, 59.3 Hz to 60.5 Hz [20]. The European Standard EN–50160 requires that for a 
non-interconnected (i.e. autonomous) power system, voltage and frequency should be 
within certain ranges [21]: 
1. 230 V ± 10% (i.e. 207 – 253 V) during 95% of a week; 
230 V – 15% or + 10% (i.e. 195.5 – 253 V) during 100% of a week; and 
2. 50 Hz ± 2% (i.e. 49 – 51 Hz) during 95% of a week; 




Isolated microgrid or mini-grid systems can use droop characteristics for parallel 
operation of distributed generation. Paralleling of power sources and storage units with 
physical interconnections of control and synchronization signals, pose a restriction on the 
locations of these components. In order to avoid a dedicated communication channel, the 
droop method is usually applied [22]. Therefore, the mini-grids usually operate with 
wider frequency/voltage ranges than conventional grids. One of the benefits is that 
frequency is used for conveying, without a dedicated communication channel, 
information of the shortage (low frequencies) or surplus (high frequencies) of 
power/energy in the mini-grid to distributed controllable sources and loads [7]. Therefore 
the BESS should be capable of working with both voltage and frequency variation in grid 
forming and genset support modes in the diesel hybrid mini-grid. 
Therefore, BESS is a good alternative which can be employed in the diesel hybrid 
mini-grid to achieve the objectives discussed above. However, in this regard, the BESS 
system should be equipped with a frequency adaptive control strategy that allows 
operation in both genset support and grid forming modes and also during the transition 
between the modes. Diesel hybrid mini-grids with BESS, RETs and three-phase 
unbalanced loads have been discussed in the literature but only for the BESS supporting 
the genset [23-27]. The BESS control logic was limited to load balancing and power 
factor correction only in the genset support mode. The issue of light load operation of the 
genset, which leads to operation with low efficiency and increased maintenance costs, 
was not addressed. The operation of a BESS in grid forming mode and also the transition 




The operation of a BESS in the grid forming mode supplying balanced voltages to 
unbalanced loads in a stand-alone system was discussed in [28-39]. However, the impact 
of small unbalanced (single-phase) renewable supply, commonly based on single-phase 
inverters, and the possibility of operating with variable frequency have not been 
considered. Due to the relatively larger impedances of the low-pass output filter of the 
inverters, unbalanced inverter currents create larger voltage unbalances. Thus, the control 
strategy of the inverter should be such that it can keep the voltage balanced while 
sourcing or sinking unbalanced currents in a variable frequency diesel hybrid mini-grid. 
Regarding the control scheme for balancing the output voltages of the grid forming 
inverter operating with unbalanced loads in stand-alone hybrid system or mini-grid, there 
are also many choices [28-41]. Some are based on vector (dq) control, which is an 
elegant technique frequently employed in high-performance three-phase inverters [42]. 
By converting AC into DC quantities, simple PI-type controllers can be employed to 
obtain zero error in steady-state and fast transient response [43]. However, in the 
presence of unbalances, the quantities in the rotating frame are not pure DC anymore, 
containing a double line frequency component due to the negative sequence components 
and a line frequency component due to the zero sequence components. These 
components, when present at the output of the PI controllers, will interact with the 
rotating frame yielding non-zero steady-state errors [44]. This problem can be mitigated 
by employing low pass filters (LPFs) as shown in [40, 41]. The problem is that they 
introduce delays and slow down the dynamic response of the system.  
The usual control approach for operation with unbalance system is to use dq 




sequence components) and designing the controllers for each of the symmetrical 
sequence decomposed circuit [35-39, 45]. The 90° phase shift required for a realization of 
the symmetrical components calculator (SCC) was implemented with a fixed quarter 
cycle delay in [38, 45] and with an all-pass filter (APF) in [35-37, 39]. However, the 
SCCs are implemented for a specific desired frequency (which is not realistic in variable 
frequency mini-grid) and the dynamics of the SCC has been neglected in all cases above, 
but the crossover frequency of the control loops has been selected lower than typical. 
Therefore the dynamic response of the system is quite slow for a specific desired 
frequency and also the system is not suitable for operation with variable frequency. 
Some different techniques without using the SCC have been proposed in [29, 30, 
32, 34]. [32] employs rotating frame controllers to eliminate positive and negative 
sequence distortions and stationary frame controllers to attenuate the zero sequence 
distortion due to the neutral current. However, it only presented simulation results under 
steady-state conditions and zero steady-state error was not truly achieved for the zero 
sequence components. This idea has been extended in [29] with the use of notch filters in 
the positive and negative sequence rotating frames and resonant controller for the zero 
sequence component, however still the use of filters cause the dynamic response to be 
slow and restrict the operation to a fixed frequency system. A stationary frame per-phase 
voltage loop only control approach for a grid forming inverter with unbalanced loads was 
proposed in [34], but the control strategy was shown to be robust for a specific range of 
unbalanced load which does not include the highly unbalanced load (i.e. single-phase 
load). A technique with a sliding mode controlled inner current loop and a 




operation of distributed generation units, but the transient response was relatively slow 
(typically more than 3 line cycles). 
The desired control strategy of the BESS should be fast and frequency adaptive 
with zero error in steady-state for operation with unbalanced load in diesel hybrid mini-
grid. The control strategy for the grid forming operation should also be able to work in 
genset support mode to avoid switching between different controllers designed for 
different modes. Besides, depending on the status of the system (i.e., low load condition 
in diesel grid forming mode, sufficient energy available in the battery to supply the 
distribution load etc.) the BESS operates in two different modes, therefore, a means of 
smooth transition is required which will ensure minimal disturbance to the mini-grid 
system. These objectives will be addressed in this Thesis. 
Finally, another important aspect to consider in diesel hybrid mini-grid is the 
current control of single-phase PV inverter. Usually the PVs are connected to the mini-
grid through voltage source inverters to supply part of the demand. Single-phase inverters 
are frequently employed to connect residential roof-top PVs (capacity below 10 kW) to 
the utility or microgrid/mini-grid system. The inverters should present fast dynamic 
current control even in case of grid frequency variation that occurs in the mini-grid for 
power management purpose. Therefore, current control of inverter is inevitable for PV 
power generation systems. 
1.3 Current Control of Single-Phase Inverters 
Single-phase voltage source inverters (VSIs) are widely utilized in many 
applications, i.e., photovoltaic (PV) power generation [46], active power filters [47], 




penetration of distributed energy resources has recently intensified the demand for such 
inverters. Full-bridge VSIs are employed in such systems and a current regulation 
strategy is usually adopted for control purposes [49]. 
There has been considerable research on the current regulation of VSIs and various 
approaches have been proposed [36, 42, 50-53]. The most common ones are the 
hysteresis current controllers (HCC) and the sinusoidal pulse width modulator (SPWM) 
with a linear controller. The first is well known for excellent transient response, inherent 
peak current limiting capability and their stability and robustness under varying load 
conditions, but the problem is that it gives a variable switching frequency what 
complicates the filter design [50]. The second one yields a fixed switching frequency and 
can be classified into two major classes: (i) stationary frame and (ii) synchronous frame 
controllers. Simple linear proportional integrator (PI) controllers are commonly used in 
stationary frame controllers [42, 51]. Its main issue is that it cannot provide zero error in 
steady state for a non-DC reference signal, since its gain is only “infinite” at zero Hz. 
Recently, other approaches such as proportional resonant (PR) [51, 52] controllers have 
been proposed, which can track AC reference in the stationary frame with zero steady-
state error. The PR controller provides infinite gain at the target frequency (resonant 
frequency) for eliminating steady-state error, which is virtually similar to the infinite gain 
of a PI controller at DC. However, the PR controller suffers from several drawbacks, e.g., 
sensitivity to small variations in the interfaced grid frequency, exponentially decaying 
transients during step changes, and being pushed toward instability margins even by a 




Among synchronous frame controllers, PI regulators are widely utilized for both 
single- and three-phase systems [50, 53]. This scheme is also known as vector (dq) 
control. In a synchronous reference frame usually referred to as dq-frame, AC (time 
varying) quantities appear as DC (time invariant) quantities allowing the controller to be 
designed as for DC-DC converters presenting infinite control gain at the steady-state 
operating point for zero steady-state error. Vector (dq) control is a well-known technique 
used in three-phase inverters for high dynamic performance, however, it is not straight 
forward to implement for the single-phase systems. Several literatures have proposed 
techniques to implement the vector control in single-phase inverters [54-60], but they 
were not able to demonstrate the expected high dynamic performance of vector controlled 
single-phase inverters, similar to that of three-phase inverters. Besides, all these 
techniques are for operation with fixed frequency and cannot operate with a variable 
frequency, a condition that can be found in PV-hybrid mini-grid systems. Therefore, one 
of the objectives of this research work is to develop a new frequency adaptive vector 
control scheme for single-phase VSIs for PV power generation in diesel hybrid mini-grid. 
1.4 Thesis Outline and Contributions 
The objectives of this thesis are to investigate techniques that allow reliable and 
efficient operation of the diesel hybrid mini-grids with good power quality, reduced fuel 
consumption and maintenance costs of the grid forming gensets. In this regard, the main 
issues associated with the operation of the system and the objectives of this research work 
are presented in details in sections 1.2 and 1.3.  
In order to reduce fuel consumption and environmental impact of diesel genset, 




load. Current controlled single-phase VSIs are used for PV power generation in the mini-
grid. Conventional vector current control strategy can provide regulated current to the 
fixed frequency grid. However, the dynamic response is quite slow and the control 
strategy is not suitable for variable frequency mini-grid. Therefore, a new vector current 
control strategy for single-phase inverters is presented in Chapter 2 that can be used for 
PV inverters operating in diesel hybrid mini-grids. The proposed vector current control 
strategy is based on a fictive axis emulation (FAE) which provides regulated current with 
high dynamic performance like the three-phase one and is also capable of operating in 
variable frequency mini-grid [61, 62]. This is the main contribution of this chapter. The 
fictive axis circuit emulation, modeling and controller design is presented in Chapter 2. 
Moreover, simulation and experimental results for a single-phase inverter operating with 
the conventional delay based and new emulated imaginary circuit based vector control 
techniques are presented to show the superior performance of the latter. Besides, this 
proposed idea also serves as the basis for the per-phase dq control of three-phase grid 
forming inverter for operation with unbalanced system. 
Load unbalance is quite common in stand-alone hybrid systems. As mentioned 
earlier, a BESS system should be capable of operating with unbalance voltage/current in 
the variable frequency diesel hybrid mini-grid system. The conventional grid forming 
inverter system can provide balanced regulated voltage across the unbalanced load in 
steady-state. However, the dynamic response is slow and the control strategies are not 
suitable for operation with variable frequency. The desired control strategy of the BESS 
should be fast and frequency adaptive with zero error in steady-state for operation with 




forming and genset support modes to avoid switching between different controllers 
designed for different modes.  
Chapter 3 will present a new frequency adaptive per-phase vector (dq) control 
strategy for three-phase grid forming inverters that can provide balanced voltage to 
highly unbalanced load with enhanced dynamic response even when it has to supply 
active power in two phases and absorb in the other one, due to the presence of a single-
phase RET. The proposed per-phase dq control strategy employs fictive axis circuit 
emulation in the inner current loop and frequency adaptive second order generalized 
integrator (SOGI) in the outer voltage loop to obtain the orthogonal components. 
Therefore, the proposed per-phase control strategy can operate with variable frequency 
unlike the conventional control methods. These are the main contributions in this chapter. 
The use of cascaded control loops also allows such system to be used as BESS in a three-
phase hybrid mini-grid system. Besides, the three-phase distribution system can be either 
three-wire or four-wire system. The complexity of the control strategy increases with the 
four-wire system. Therefore, appropriate per-phase control strategies have been 
developed for different configurations of the grid forming inverters [63-66]. The 
proposed per-phase control strategy is compared with the conventional SCC based 
control strategy. Simulation and experimental results are presented to ensure better 
dynamic response of the proposed control strategy in case of operation of the grid 
forming system with highly unbalanced load. 
A complete multi-mode control system of a BESS operating in variable frequency 
diesel hybrid mini-grid with high penetration of RESs and highly unbalanced loads is 




BESS operates as a three-phase independently controllable current source and it balances 
the load by injecting the negative sequence of the load current, provides load reactive 
power so that the genset operates with unity power factor (UPF), supplies the reactive 
current for the output filter capacitors of the BESS and controls active power so as to 
provide minimum loading for the genset to avoid carbon build up and supplement it 
under peak load conditions. If the load demand is below the minimum loading limit 
(typically 40% of its capacity) of the genset, the BESS absorbs power from the genset 
while the genset operates at its minimum loading point. Conversely, the BESS can 
supplement the genset by supplying part of the peak load demand. Again to overcome the 
impact of unbalance operation of the genset in diesel hybrid mini-grid, the BESS does the 
load balancing for the genset. Besides, the BESS can also support the genset with reactive 
power compensation of the mini-grid system. Therefore the genset can operate with unity 
power factor which in turn also facilitates the operation of the genset by operating with 
only real power and does not need to allocate any capacity for reactive power supply.  
Again, in cases when the power demand from the genset is low, due to high supply 
of RESs and/or low load consumption, the genset can be shut-down and the BESS forms 
the grid, regulating voltage and frequency. In this second mode, the BESS forms the grid 
what requires operation as a three-phase voltage source. One major challenge in this case 
is to provide balanced voltage to an unbalanced load. The proposed per-phase dq control 
strategy has been adopted for the grid forming BESS. During the grid forming mode, the 
BESS employs the cascaded control scheme to provide balanced regulated voltage across 
the unbalanced distribution system, while during the genset support mode, it employs 




What is more, a logic for defining the mode of operation of the BESS, and when a 
transition is needed is also presented in Chapter 4. For instance, if the genset operates 
under light load condition, and the BESS becomes fully charged while operating in the 
genset support mode, a transition to the grid forming mode, with the genset off might be 
advantageous. This and other management tasks are carried out by a proposed Mode 
Selection and Transition System (MSTS). It operates the BESS either in genset support or 
in grid forming mode, depending on the status of the system and directly controls the 
genset breaker in this regard. It also coordinates the smooth transition between the 
modes. For this, the load power is transferred smoothly between the genset and the BESS 
during the transition while ensuring slow loading/unloading of the genset.  
The synchronization of the BESS with the genset and the disconnection process of 
the genset are done by a proposed PLL+ICA (Phase Locked Loop + Intelligent 
Connection Agent) module; the control signals generated by the MSTS are used to 
perform these processes. The PLL+ICA system has been proposed to extract or generate 
the phase angle, frequency and reference voltage for the per-phase controllers and 
reference current generator during the genset support or grid forming mode. For the 
BESS, it acts as a PLL during the genset support mode, while it acts as a reference 
voltage generator during the grid forming mode. The performance of the proposed multi-
functional BESS in diesel hybrid mini-grid is verified by time domain simulation results. 
Finally Chapter 5 presents the conclusion and future prospects of the research work. 







 A new vector current control strategy based on fictive axis circuit emulation 
for single-phase inverter is proposed which provides regulated current with 
high dynamic performance like the three-phase one. 
 The proposed strategy allows operation with high bandwidth control loop, 
which reduces the total harmonic distortion for the output current. 
 The application of a second order generalized integrator (SOGI) in the 
proposed control strategy allows operation in variable frequency mini-grid. 
Chapter 3: 
 A new frequency adaptive per-phase vector control strategy of three-phase 
grid forming inverter for operation with unbalanced load is proposed.  
 FAE in the inner current loop and frequency adaptive SOGI in the outer 
voltage loop to obtain the orthogonal components are proposed which 
makes the control strategy fast and frequency adaptive, with zero error in 
steady-state unlike the conventional control methods. 
 A new control strategy for Δ-Y transformer based grid forming inverter is 
developed. Control strategy with a new current and voltage transformation 
is proposed to overcome the impact of transformer phase shift. 
 A new coupled fictive axis emulation based per-phase control strategy for 
the three-phase four-leg inverter is proposed to compensate the impact of 







 In order to address the low loading and unbalance operations of the diesel 
genset, a multi-functional battery energy storage based solution is proposed. 
  In the genset support mode, it does load balancing, reactive power 
compensation and active power control of the genset. So the genset operates 
in balanced condition without carbon build up in the diesel engine and thus 
reduces the operational and maintenance cost of the diesel genset. 
 During light load condition, the BESS acts as an grid forming unit for the 
unbalanced mini-grid distribution system, while the genset is ‘off’ which 
also reduces the operational cost and environmental impact of the genset.  
 Methods for operating mode selection for energy management purpose and 
also to make smooth transitions between the modes are presented in this 





VECTOR CONTROL OF SINGLE-PHASE VOLTAGE SOURCE 
INVERTER 
Vector (dq) control is a powerful technique used in high dynamic performance 
three-phase inverters. The transformation of AC into DC quantities allows one to get zero 
steady-state error for AC currents and voltages with simple PI-type controllers. It can be 
easily implemented for three-phase inverters but presents some challenges for single-
phase ones. The orthogonal component (β) required for the stationary to rotating frame 
transformation is usually created by phase shifting the real one (α) by ¼ of a line cycle, 
what deteriorates the dynamic response. The emulation of a fictive orthogonal circuit for 
obtaining the β current component has been shown to yield enhanced transient response. 
This chapter shows that the dynamic response of vector controlled single-phase inverters 
implemented with orthogonal circuit emulation is identical to that of a three-phase 
inverter. This concept is then extended for operation with variable grid frequencies, a 
condition that can be found in PV hybrid autonomous microgrids/mini-grids, where the 
grid frequency variation is used for energy management purposes. Experimental results 
for a single-phase inverter operating with the conventional delay based and the new 
emulated imaginary circuit based vector control techniques are presented to show the 




2.1 Conventional Vector Control Approach for VSI 
Vector (dq) control is a well-known technique used in three-phase inverters for 
high dynamic performance [50, 53]. As shown in Fig. 2.1, the abc (stationary frame) 
quantities are converted into orthogonal αβ coordinates (stationary frame) and then into 
dq coordinates (rotating frame). The latter are DC components, what allow the use of 
simple PI controllers for achieving zero steady-state error for the fundamental AC 
components. The modulating signals for the carrier based sinusoidal pulse width 































V qV dE qE d
I q
I d I q I d













Fig. 2.1. Vector (dq) control applied to a three-phase inverter using standard PI 
controllers and feed-forward decoupling networks. 
The application of vector (dq) control in single-phase inverters is not 




behind the approach proposed in [54] is based on an imaginary circuit, identical to the 
actual one, but with the waveforms orthogonal to those of the real circuit. It is used to 
generate steady-state DC components using the αβ-dq transformation. In practice, this 
concept was implemented by delaying the real quantities (α) by ¼ of a line cycle to create 
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Fig. 2.2. Vector (dq) control applied to a single-phase inverter (original technique). 
Two DC control loops are used for regulating the magnitude of the current 
component in phase (d axis) and in quadrature (q axis) with the grid voltage. The outputs 
of the d and q controllers are passed through a dq-αβ transformation block. The α 
coordinate signal is used for controlling the real inverter while the β coordinate signal, 
related to the imaginary circuit is discarded. This approach allows the controllers to be 
designed in the rotating frame, for regulating DC quantities, as for three-phase inverters. 




phase circuits, would be expected. The first part, unlike the second, was not clearly 
demonstrated in [54]. The introduction of the delay in the system tends to deteriorate the 
dynamic response, which becomes naturally slow.  
A number of papers followed up discussing different strategies, i.e., differentiation 
method, all-pass filter method, observer based method, etc. for obtaining the orthogonal 
(β) quantity for the αβ-dq transformation [55-60]. However, they were not able to 
demonstrate the expected high dynamic performance of vector controlled single-phase 
inverters, similar to that of three-phase inverters. Besides, all these techniques are for 
operation with fixed frequency utility grid and cannot operate with a variable frequency, 
a condition that can be found in PV-hybrid autonomous microgrid/mini-grid systems. 
2.2 Proposed Vector Control Strategy Based on Fictive Axis Emulation 
2.2.1 Basic Concept 
The key point in this new approach is that the orthogonal current of the imaginary 
circuit, required for the αβ-dq transformation, is not obtained by phase-shifting the real 
quantity. The imaginary circuit is emulated and the β coordinate control signal, obtained 
from the dq-αβ transformation, is not discarded. It is used to regulate the inverter current 
in the imaginary circuit [61, 62, 67], which in turn is used to accurately calculate the d 
and q components of the inverter current. The implementation of the vector (dq) control 
for a single-phase inverter with fictive axis emulation (FAE) is shown in Fig. 2.3. The 
orthogonal current component (Iβ) is obtained using the β coordinate control signal (Eβ) 
from the dq-αβ transformation, the fictive grid voltage (Vβ) and the coupling impedance, 
R and L, of the real circuit. Vβ is obtained by phase-shifting the grid voltage by a quarter 









). It has been shown in [67] that the sensitivity of this control scheme to changes in 
parameters R and L is small (a mismatch of 50% between the actual and fictive circuit 
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Fig. 2.3. Proposed scheme for implementing vector (dq) control in single-phase inverters. 
2.2.2 Design of the Current Controller 
The fundamental component of the switched voltage of a single-phase VSI can be 
modeled as an ideal controlled voltage source (Einvα) as shown in Fig. 2.4. The inverter is 
connected to the grid through an L filter where R represents the internal resistance of the 









Fig. 2.4. Schematic of the system. 
For representing voltages and currents of a single-phase system in a rotating 
reference frame, that is, with dq coordinates, one needs first to create a two-phase system 
with orthogonal components. The α components are obtained and measured from the real 
single-phase circuit. The β components are obtained from a virtual circuit where all 
voltages and currents are phase-shifted by 90° with respect to the real (α-coordinates) 
voltages and currents. 




L e i R v
dt
ab
ab ab ab                          (2.1) 
The state space model has been developed. The Park’s transformation matrix 
represented by equation (2.2) was applied to derive the system in dq-frame.  
   











                         (2.2) 
In such a case, equation (2.3) represents the dq circuits and can be represented as 
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Fig. 2.5. Equivalent model of the power circuit in the dq (rotating) frame. 
The coupling between the d and q equivalent circuits and variations in the 
magnitude of the grid voltage are considered as disturbances and are compensated by 
means of a feed-forward network [68]. The transfer function of the decoupled system for 










                                                               (2.4) 
where,    
 
 ⁄  and    
 
 ⁄ . 
Thus, a simple PI controller can be used for controlling the DC current flowing 
through a simple RL circuit with zero error in the steady-state for step variations in the 
reference (dq) signal. Assuming that the inverter operates with unipolar SPWM with a 20 
kHz carrier, and that the current and voltage sensors are ideal with a unity gain, the 
controller is designed as described in [68]. The inductance and resistance of the AC side 
inductor are equal to 5 mH and 0.1 Ω. The PI controllers were designed for a bandwidth 
(fx) of 5 kHz and damping factor (ξ) of 1.2, yielding proportional and integral gain of kp = 
377 and ki = 4.9×10
6
 respectively. It should be noted that the use of high bandwidth for 
the current loop also facilitates the design of cascaded control loop for the grid forming 




regulate the output voltage of the grid forming inverter. Besides, high bandwidth current 
control loop is also desirable for other applications, i.e., power factor correction, two-
stage PV power generation, active power filter, etc.  
2.3 Performance Verification and Comparison 
2.3.1 Simulation Results 
The performance of the proposed technique is verified by means of simulation 
using PSIM
©
 for a single-phase inverter connected to a 120 V, 60 Hz grid. The DC bus is 
represented by a 400 V source and the other parameters are as described in the previous 





Initially, the inverter was operating with Id
*
 = 2 A and Iq
*
 = 0 A. Then, a step change is 
applied in Id
*
 to 4 A at 0.05s and 50 ms later a step change is applied in Iq
*
 to -2 A. The 




) on Iq (Id) is 
virtually inexistent. Besides, one can see that the waveform of Iβ is not merely a ¼ line 















The simulation results of an equivalent three-phase vector controlled inverter are 
presented next. This way, one can compare the αβ and dq waveforms obtained for the 
single-phase inverter using the new dq control scheme with those of the three-phase 
inverter in αβ coordinates. It is equivalent to the single-phase inverter in the sense that it 
operates with the same values of voltages in the αβ coordinates, and power. Its DC bus 
voltage is equal to 800 V and it is connected to a 208 V three-phase grid through the 
same coupling impedances of the single-phase inverter. The same PI controllers are used 
in this case. Fig. 2.7 shows the same waveforms of Fig. 2.6 for the equivalent three-phase 
vector controlled inverter. There one sees that they are virtually identical to those 
obtained for the single-phase inverter with the new dq control scheme. 
 




of conventional vector control technique for 
three-phase inverters. 
Fig. 2.8 shows the results obtained with the conventional implementation of vector 
(dq) control for single-phase inverters using the ¼ cycle delay for obtaining the 
orthogonal component. These results were obtained for fx = 100 Hz and ξ = 1.2 where kp 
= 7.44 and ki = 2×10
3




probably due to the fact that the ¼ line cycle delay, used for obtaining Iβ and then Id and 
Iq, is not taken into consideration when designing the current controller [54]. The 
response is much slower than for the new approach and also there exists coupling 
between the dq currents. One can also see in Fig. 2.8 that Iβ is essentially Iα phase shifted 
by ¼ cycle, as per the means employed for obtaining the imaginary component. This is 
unlike the case of three-phase inverter and single- phase inverter with the new technique.  
 




of conventional vector control technique for 
single-phase inverters. 
2.3.2 Experimental Results 
A laboratory prototype of a single-phase inverter was implemented with 
SEMIKRON IGBTs (SKM50GB123B) and gate drive circuits (SKHI22) to verify the 
simulation results. The control algorithm for both the new and the delay based technique 
were implemented in a dSPACE DS-1103 board. The inverter was connected to a 120 V, 
60 Hz grid through an 80 V : 120 V single-phase transformer. The DC link voltage is 145 
V and the AC side filter inductance and resistance are equal to 5 mH and 0.1 Ω. The 




the dead-time of 4.8 μs in the SKHI22 gate driver circuit. A dead-time compensation 
logic was used to minimize the distortion, and consequent THD (total harmonic 
distortion), on the current created by this relatively large dead-time [69]. The results were 
captured in the control desk of dSPACE
©
 and finally plotted using MATLAB
©
. 
Two PI controllers were designed for the single-phase dq controlled inverter. One 
for fx = 100 Hz and the other for fx = 400 Hz while ξ = 1.2 was used for both. They can be 
used with the new dq control scheme but only the first one can be used for the 
conventional scheme due to stability reasons. The PI gains were calculated as kp = 30 and 
ki = 31×10
3
 and kp = 7.44 and ki = 2×10
3
, respectively. Tests with these two PIs are 
carried out to identify what is gained with the new dq control scheme and what is due to a 
current loop with a higher bandwidth. 
Fig. 2.9, Fig. 2.10 and Fig. 2.11 show the steady state responses for the delay based 
dq control technique with the 100 Hz current loop and for the new dq control technique 
with the 100 Hz and 400 Hz current loops, respectively. In all cases, Id
*
 = 6 A and Iq
*
 = 2 
A. There one can see that there is zero error in steady-state in all cases. Regarding 
harmonic distortion in the line current, it seems to be more dependent on the bandwidth 
of the current loop than on the method used to implement dq control. However, since the 
new dq control technique allows the use of a higher bandwidth, it is advantageous in 
terms of low THD and fast response with respect to the conventional method. For 
instance, for a current loop with a 400 Hz bandwidth the magnitude of the lower order 







Fig. 2.9. Conventional vector (dq) control technique for single-phase inverters with 100 
Hz PI. a) Fixed frame currents; b) Rotating frame currents; c) Harmonic spectrum of the 
line current. 
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Fig. 2.10. New vector (dq) control technique for single-phase inverters with 100 Hz PI. a) 
Fixed frame currents; b) Rotating frame currents; c) Harmonic spectrum of the line 
current. 
Fig. 2.12, Fig. 2.13 and Fig. 2.14 show the transient responses for the delay based 
dq control technique with the 100 Hz current loop and for the new dq control technique 
with the 100 Hz and 400 Hz current loops, respectively. Initially, the inverter was 
operating with Id
*
 = 4 A and Iq
*
 = 0 A. Then, a step change is applied in Id
*
 to 6 A and 45 
ms later a step change is applied in Iq
*
 to 2 A. There, one sees that the response time of 
the conventional method and of the new method with a 100 Hz current loop is very 
similar to step variations in the reference signals. On the other hand, despite the ripple 































components on the waveforms, one can clearly see the coupling between the d and q 
circuits for the conventional method, following a reference signal variation, what does 
not occur for the new method. The best result, faster and without coupling, is obtained for 
a 400 Hz current loop that can be used with the new method but not with the 
conventional one based on the ¼ line cycle delay due to stability issues. 
 
 
Fig. 2.11. New vector (dq) control technique for single-phase inverters with 400 Hz PI. a) 
Fixed frame currents; b) Rotating frame currents; c) Harmonic spectrum of the line 
current. 
































Fig. 2.12. Conventional vector (dq) control technique for single-phase inverters with a 
100 Hz current loop. a) Fixed frame currents; b) Rotating frame currents. 
 
Fig. 2.13. New vector (dq) control technique for single-phase inverters with a 100 Hz 
current loop. a) Fixed frame currents; b) Rotating frame currents. 
 


























































Fig. 2.14. New vector (dq) control technique for single-phase inverters with a 400 Hz 
current loop. a) Fixed frame currents; b) Rotating frame currents. 
2.4 Vector Controlled Single-Phase Inverters under Variable Frequency Operation 
in Autonomous Microgrids/Mini-Grids 
Microgrids/Mini-grids allow the integration of high levels of distributed and 
renewable generation sources into the grid and also increase grid reliability and power 
quality [3]. In such systems, parallel operation of the distributed generators are becoming 
more and more popular in order to distribute the total loads to various sources according 
to their availability and operating costs [70]. Paralleling of power sources with physical 
interconnections of control and synchronization signals, pose a restriction on the 
locations of the sources. In order to avoid a dedicated communication channel, the droop 
method is usually applied [22]. The frequency of the system is varied depending on the 
load demand; therefore, frequency is used for conveying information of the shortage (low 
frequencies) or surplus (high frequencies) of power/energy in the microgrid/mini-grid to 
distributed controllable sources and loads. Standards like the European EN50160 only 





























require the frequency in autonomous power systems (autonomous microgrid/mini-grid) to 
be within ± 2% of the rated value (50 Hz) during 95% of the week and within 15% during 
100% of the week [21], while IEEE Standard for such autonomous power system allows 
a frequency variation in a narrower range between 59.3 Hz and 60.5 Hz [20].  
The PV sources are connected to the microgrid/mini-grid through VSIs. Single-
phase inverters are frequently employed to connect residential roof-top PV sources 
(capacity below 10 kW) to the utility or microgrid/mini-grid system. The inverters should 
present fast dynamic current control even in case of grid frequency variation that occurs 
in the system for power management purpose. If one wishes to employ dq control in this 
application, the dq-control technique should be frequency adaptive. Fig. 2.15 shows what 
happens to the dq current components of a single-phase inverter operating with the 
conventional dq control designed for 60 Hz operation (Fig. 2.2) when the grid frequency 
changes from 60 Hz to 62 Hz at t = 0.15s with Id
* 
= 6A and Iq
*
= 2A. The results obtained 
with the proposed scheme shown in Fig. 2.3 are similar to this. Therefore, a means for 
obtaining the orthogonal component for variable frequency conditions is required. 
 




2.4.1 Frequency Adaptive Single-Phase DQ Control Schemes 
The various techniques discussed in section 2.1 for creating an orthogonal (β) 
component from a single-phase quantity are only suited for constant frequency 
conditions. For variable frequency conditions, one can employ a second order generalized 
integrator (SOGI) [71, 72] which is frequency adaptive. A possible implementation is 
shown in Fig. 2.16. It should be noted that this scheme requires the instantaneous angular 
frequency (ω) which can be obtained from the grid voltage using an adaptive PLL [72] 
which is based on SOGI-FLL (Frequency locked loop). This element will also provide 
the sine and cosine terms required for the αβ-dq and dq-αβ transformations. The 
dynamics and stability of the SOGI-FLL has been presented in [71, 72] for different 
adverse grid condition. In principle, large sudden variations of frequency could be an 
issue, but this does not occur in stand-alone systems which usually employ a rotating 
electro-mechanical generator as the grid forming (master) unit. 
 
Fig. 2.16. Frequency adaptive second order generalized integrator (SOGI). 
By replacing the fixed frequency ¼ line cycle blocks for the voltages shown in Fig. 
2.2 and Fig. 2.3 with the SOGI of Fig. 2.16, frequency adaptive dq control schemes are 




benefits of using the fictive axis emulation in single-phase systems that operate with 
variable frequency.  
2.4.2 Simulation Results for the Proposed Method 
Simulation results for the d and q current components of a single-phase inverter 
with the proposed frequency adaptive FAE dq control scheme are shown in Fig. 2.17. It 
employs the 400 Hz PI controllers used in section 2.3.2. The grid frequency is initially at 
60 Hz and the reference currents for the inverter are Id
*
 = 4 A and Iq
*
 = 0 A. Then, a step 
change is applied in Id
*
 to 6 A at 0.1 s and 50 ms later a step change is applied in Iq
*
 to 2 
A. One can see from the figure that one achieves zero steady-state error and fast transient 
response without coupling between the d and q circuits. Then, starting at t = 0.2 s, the 
grid frequency varies every 0.05 s from 60 Hz with a step of 2 Hz. One can clearly see 
that frequency variations had no impact on the regulation of the d and q current 
components for the proposed vector current control.  
 




2.4.3 Experimental Results 
A programmable 4.5 kVA AC power supply from California Instruments (Model 
4500 iL), which allows step changes in amplitude as well as in frequency, was used to 
verify the performance of two frequency adaptive single-phase dq control schemes. The 
same laboratory prototype of a single-phase inverter as described in section 2.3.2 was 
used and the control algorithm was implemented in a dSPACE DS-1103 development kit. 
The performance of the proposed dq control scheme with fictive axis emulation is 
presented first. The PI controller was designed for fx = 400 Hz and ξ = 1.2 as mentioned 
in section 2.3.2. The steady state response with Id
*
 = 6 A and Iq
*
 = 2 A for a grid 
frequency of 62 Hz is shown in Fig. 2.18. There one can see that the error is zero in 
steady-state.  
 
Fig. 2.18. Steady state results for single-phase dq control with FAE at 62 Hz. a) Fixed 
frame currents; b) Rotating frame currents. 































Fig. 2.19 shows the transient response to reference current variations for a grid 
frequency of 62 Hz. Initially, the inverter operates with Id
*
 = 4 A and Iq
*
 = 0 A. Then, a 
step change is applied in Id
*
 to 6 A and 45 ms later a step change is applied in Iq
*
 to 2 A. 
The transient response is very fast and there is no coupling between d and q circuits. Fig. 
2.20 shows the impact of frequency variation, from 60 Hz to 62 Hz, when the inverter 
operates with Id
*
 = 6 A and Iq
*
 = 2 A. The frequency variation is tracked by the PLL and 
the d and q currents are regulated properly. 
 
Fig. 2.19. Transient response results for single-phase dq control with FAE at 62 Hz. a) 
Fixed frame currents; b) Rotating frame currents. 
































Fig. 2.20. Response to frequency variation for single-phase dq control with FAE. a) Fixed 
frame currents; b) Rotating frame currents; c) Frequency. 
The final tests are conducted for a frequency adaptive single-phase dq control 
scheme that employs SOGI blocks for obtaining the β components for the grid voltage 
and inverter current waveforms. When the PI controller designed for fx = 400 Hz and ξ = 
1.2 and employed successfully for the FAE scheme was used, the system became 
unstable. To obtain a stable and acceptable result, a new PI controller with fx = 250 Hz 
and ξ = 1.2 was designed. The PI gains were kp = 18.75 and ki = 12.3×10
3
. Fig. 2.21 
shows the transient responses to reference current variations for a grid frequency of 62 
Hz. Initially, the inverter operates with Id
*
 = 4 A and Iq
*
 = 0 A. Then, a step change is 
applied in Id
*
 to 6 A and 45 ms later a step change is applied in Iq
*
 to 2 A. There one sees 
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that the response is slower than when the fictive axis emulation is used for obtaining the 
β component of current (Fig. 2.20) and that there is coupling between the dq currents.  
 
Fig. 2.21. Transient response results for single-phase dq control with two SOGI at 62 Hz. 
a) Fixed frame currents; b) Rotating frame currents. 
2.5 Summary of Chapter 2 
  This Chapter discusses additional features of a vector (dq) current control 
technique for single-phase inverters based on the emulation of an orthogonal circuit. It is 
shown that, like for a three-phase inverter, this method results in an orthogonal current 
component, used in the calculation of the dq components, that is not merely the α (real) 
component phase-shifted by 90º during transients, as obtained with previous 
implementations based on delaying the real component by ¼ of a line cycle. As a result, 
the dq components of the inverter current can be accurately calculated during transients 
without unnecessary delays.  In this way, the current loop can be designed with a higher 
bandwidth, resulting in lower current harmonic distortion in the steady-state and faster 




























dynamic response. What is more, this approach can also be used for operation under 
variable frequency, a condition that can be found in photovoltaic hybrid autonomous 
microgrids/mini-grids, where the grid frequency is used for energy management 
purposes. Simulation and experimental results are provided to demonstrate the 






PER-PHASE VECTOR (DQ) CONTROLLED THREE-PHASE GRID 
FORMING INVERTER 
Hybrid stand-alone power systems (mini-grids) are usually based on diesel power 
plants. In such systems, the use of renewable energy sources (RES) and energy storage 
units can decrease the cost and environmental impact of electricity production. The ideal 
case would be to run the mini-grid with all diesel generators off, what would require a 
battery inverter, usually voltage source inverter type, to form the grid, balancing active 
and reactive power, and the RESs would operate at their maximum power point [73]. 
Generally, electrical distribution systems are of the three-phase type, allowing loads 
and RESs to be connected either in three-phase or single-phase, depending on their 
number of phases and power ratings. These loads/sources are usually arranged in order to 
result in a balanced power distribution across the three phases. However, in mini-grids 
with a relatively small number of loads, it is more likely that “load unbalances” will 
occur, leading to unequal voltage drops in the low-pass filter of the grid forming inverter 
and unbalanced output voltages. This can result in increased losses and heating in rotating 
machines, saturation of transformers as well as malfunction of protection devices 
[18].Therefore, it is important that the grid forming inverter presents a suitable control 
scheme to supply balanced voltages to an unbalanced distribution grid while sourcing or 




active power sharing among battery inverters as well as for energy management, the 
inverter should be able to perform these tasks under variable frequency conditions. 
There are a number of voltage source inverter (VSI) topologies suitable for 
operation in three-phase systems. For a three-phase three-wire system, the conventional 
widely employed three-leg VSI can be used as grid forming unit. While for the three-
phase four-wire system, there are several choices. The three-leg inverter with a split DC 
link capacitor is the simplest one but capacitor voltage balancing can be an issue in the 
presence of zero sequence current components [39, 74]. Alternatively one can use a 
three-leg inverter with a Δ-Y transformer [75-77]. The zero sequence current component 
would be trapped or “circulating in the Δ winding” and the control circuit of the inverter 
would only have to compensate for the voltage drops of the positive and negative 
sequence currents on the output filter of the inverter, in the primary of the transformer. 
Another sophisticated and flexible topology is the four-leg inverter, where an additional 
leg is used for the zero sequence current components [54, 78]. 
Regarding the control scheme for balancing the output voltages of the grid forming 
inverter operating with unbalanced loads, there are also many choices as discussed in 
section 1.2. A common inverter control approach to provide balanced fixed frequency 
voltages to unbalanced loads is first to obtain the (balanced) symmetrical components and 
then use the classical three-phase dq control to avoid the first and second order ripple 
components in the dq signals [35-39, 45]. The 90° phase shift required for a realization of 
the symmetrical components calculator (SCC) introduces a significant delay in the 
system, difficult to be compensated for. Some other solutions based on low-pass/notch 




However, the use of filters results in slow dynamic response. Besides, all these methods 
are not suitable for variable frequency operation. Some SCC-less techniques have been 
proposed in [30, 34], however, they have limitations (i.e., operate with specific range of 
unbalanced load, slow dynamic response, etc.) as discussed in section 1.2. Finally, the 
impact of unbalanced renewable supply, commonly based on single-phase inverters, and 
the possibility of operating with variable frequency have not been considered in any of 
the cases above. 
The control approach proposed in this chapter for a three-phase grid forming 
inverter capable of supplying highly unbalanced loads with balanced voltages is based on 
the use of per-phase dq control with fictive axis emulation in the inner current loop [62, 
64, 67]. In this way, one can avoid the use of the SCC block which introduces delays in 
the feedback signals and complicates the design of the PI-type controllers. Besides, since 
second order generalized integrators (SOGIs) are only used in the outer voltage loop, the 
system response to load variations is very fast. The superior performance of the proposed 
technique is demonstrated by means of simulations and experimental results. 
As mentioned earlier in this section, there can be different topologies for the grid 
forming inverters. Therefore, at first the proposed topology is developed for the three-
phase three-wire grid forming inverter. Then, the control strategies for three-leg inverter 
with Δ-Y transformer and four-leg inverter are presented for application in three-phase 




3.1 Per-Phase DQ Control of a Three-Phase Three-Wire Grid Forming VSI 
The concept of per-phase dq control of a three-leg inverter for a three-phase three-
wire unbalanced system has been presented in [64, 79]. In the absence of a neutral wire, 
the load currents do not present zero sequence components and a per-phase dq-controlled 
three-leg inverter can be used to indirectly regulate the positive sequence component of 
the output voltage and cancel the negative sequence voltage drop on the inverter output 
filter. Fig. 3.1 shows a generic three-phase three-wire diesel-PV-battery hybrid mini-grid. 
In this study, the diesel genset is assumed to be off, disconnected from the mini-grid. The 
three-phase battery inverter forms the grid, balancing supply from the single-phase PV 
inverter, connected between two lines and demand from the unbalanced loads. The three 
phase legs of the battery inverter are connected to the distribution feeder through LC 





























Fig. 3.1. Circuit diagram of a three-phase three-wire grid forming inverter operating in 




3.1.1 Conventional VSI Control Approach 
Fig. 3.2 shows the block diagram of the control circuit of a conventional three-leg 
grid forming VSI supplying a three-phase unbalanced load. Since the zero sequence 
component is not present in the three-phase three-wire system, so the voltage drops 
across the output filter of the inverter is only due to the positive and negative sequence 
current components, what makes it actually possible for the control circuit of the inverter 
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Fig. 3.2. Circuit diagram for conventional cascaded control of grid forming inverter. 
The control circuit of the VSI is based on dq (vector) control following the 
extraction of the symmetrical components from the unbalanced voltages and currents and 
conversion into dq frames. Since the symmetrical components are balanced, there will be 
no double line frequency components in the dq signals. The dq control loops are 
employed in two similar channels: One for controlling positive sequence components and 




3.1.1.1 VSI Employing Cascaded Control Loop 
The detailed circuit diagram for cascaded control of an inverter feeding an 
unbalanced load through an LC filter is shown in Fig. 3.3. The output of the outer voltage 
loops for all channels provide the reference signals for the inner current loops. Simple PI-
type controllers are used to regulate the positive and negative sequence dq voltage 
components. The q-component of the positive sequence reference voltage is set to the 
peak value of the desired phase voltage. The other reference voltages are set to zero since 
the inverter is expected to supply balanced voltages. 
Simple PI-type controllers are also used in the inner current loops. Their design can 
be done following the conventional approach for vector control of three-phase VSIs. 
Appropriate feed-forward (FF) of the current and voltage is adopted to decouple dq-axis 
dynamics. The output of the current control loops (Epd, Epq, End and Enq) are converted to 
positive and negative sequence components in the rotating frame (abc) and then added to 































































3.1.1.2 Extraction of the Symmetrical Components 
In order to apply the dq control without the double line frequency component, one 
needs to obtain the positive and negative sequences of the output capacitor voltage and 
inverter inductor current. Recall that there are no zero sequence components in a three-
phase three-wire system. Any unbalanced quantities (xa, xb and xc) can be decomposed 
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                     (3.2) 
where, operator j corresponds to a 90° phase shift. This has been implemented in [38, 45] 
with a quarter cycle delay and with an all-pass filter (APF) in [35-37, 39]. In both cases, 
the response of the entire systems due to variations in the reference signals or to load 
variations was relatively slow. Besides, they are designed for a particular frequency, 
therefore cannot be used with variable frequency mini-grid system. In this research work, 
a SCC based on a first order APF was implemented and used in the conventional scheme 
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3.1.2 Proposed Per-Phase DQ Control Approach 
One alternative for doing away with the SCC used in the previously mentioned 
three-phase dq control scheme is to employ per-phase dq control, regulating the output 
voltage of each phase of the VSI, individually. In such a case, the reference signals for 
the three phases would have the same magnitude but would be phase shifted by 120°. The 
main challenge is to be able to achieve the fast dynamic response of three-phase dq 
control in a per-phase basis, what has been shown to be possible with the fictive axis 
emulation discussed in Chapter 2. The following sections describe how this can be done. 
3.1.2.1 The Per-Phase Cascaded dq Control Block 
On a per-phase basis, the fundamental component of the switched voltage of one 
phase of the inverter can be modeled as an ideal controlled voltage source (Einv). The 
inverter inductor current and capacitor voltages are IL and VC respectively. The load 
connected to that phase of the grid forming inverter can be represented by a current 











Fig. 3.4. Schematic of the system on per-phase basis. 
For representing voltages and currents of a single-phase system in dq frame, one 
needs first to create a two-phase system with orthogonal components. The α components 




obtained from a fictive circuit where all voltages and currents are phase-shifted by 90°, in 
steady-state, with respect to the real voltages and currents. 
Equations (3.4) and (3.5) represent the system model of Fig. 3.4 in αβ frame. By 
applying Park transformation in (3.4)-(3.5) one gets the well-known model of the system 
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                                        (3.7) 
The use of dq control in single-phase inverters with regulated output voltage has 
been addressed by several literatures [54, 58, 60]. A common approach is to use cascaded 
inner current and outer voltage loops. This is also used in this research work as shown in 
Fig. 3.5. In the inner current loop, VCa and ILa represent “a” phase voltage at the output 
filter capacitor and the current in the output filter inductor, respectively. Vβ, the 
orthogonal component to VCa (Vα), required for computing the dq components of the 
single-phase system is obtained with a second order generalized integrator (SOGI) which 
is described in more details in Section 2.4.1. Since the SOGI output was 90˚ lagging, 




Park transformation. It should be noted that due to the relatively slow response of the 
SOGI, it is not the best choice to compute the β component of the output filter inductor 
current, which should be varied very fast in order to respond to load current variations 
and keep the capacitor voltage regulated. Instead, the orthogonal current component (Iβ) 
can be obtained by emulating a fictive circuit as shown in Fig. 3.5, in bold lines. More 
details on this technique are presented in [61, 62, 67]. Then using Park transformation the 
αβ components (stationary frame) are transformed to dq components (rotating frame). In 
addition, feed-forward (FF) loops are also used to compensate for the coupling between 
the dq equivalent circuits created by the output filter inductor in the actual AC circuit. 
The sinθ and cosθ terms required for the Park and inverse Park transformations are 





































































Fig. 3.5. Schematic diagram of the per-phase cascaded control block. 
Regarding the outer voltage loop, the orthogonal components of phase ‘a’ actual 
output phase voltage (VCa) and the respective inverter output current (Ioa) are obtained 




the dq equivalent circuits created by the output filter capacitor in the actual AC circuit. 
The PI-type controllers for the current and voltage loops are designed in the conventional 
way, for regulating DC signals, with the outer voltage loop 10 times slower than the inner 
current loop. Vq
*
 is set at the peak value of the reference phase voltage while Vd
* 
is set at 
0V. Similar per-phase controllers also apply for phase ‘b’ and phase ‘c’ with the three θ 
angles being 120° apart. 
3.1.3 Performance Verification 
The performance of the proposed technique is compared to that of the conventional 
three-phase dq control with symmetrical components calculator by simulation using 
PSIM
©
. The three-phase grid forming inverter operates with SPWM at 6 kHz from a 460 
V DC bus. The desired load voltage is 220 V (L-L) at 60 Hz. The current and voltage 
sensors are assumed to be ideal with a unity gain. The inductance and resistance of the 
output filter inductor are equal to 3 mH and 0.1 Ω. The capacitance is 25 μF.  
The PI controllers were designed as described in [68]. The inner current control 
loop was designed for a bandwidth (fx) of 1200 Hz and damping factor (ξ) equal to 1.2, 
yielding kp = 3.6 and ki = 120. This inner current loop was used for the proposed per-
phase vector control and for the conventional three-phase cascaded control. The outer 
voltage loop for the proposed per-phase vector control was designed for a bandwidth of 
120 Hz and damping factor (ξ) of 0.707, yielding kp = 0.027 and ki = 14.21. When this 
controller was used in the conventional three-phase cascaded control, the system became 
unstable. The solution employed was to increase the ξ to 0.9, yielding kp = 0.034 and ki = 




may be due to the dynamics presented by the SCC in the feedback path, which was not 
taken into account in the design of the controllers. 
Fig. 3.6 shows the results for the per-phase vector control of the grid forming 
inverter under unbalanced load conditions. Initially it supplies a 4.5 kW balanced 
resistive load and the dq components of the voltage and currents for each phase have the 
same magnitude as they are supplying the same power to the load. At t = 0.3 s, a 20 Ω 
resistance is applied between lines A-B. At t = 0.4 s, an inductive load (R = 10 Ω, L = 
150 mH) is applied between lines C-A. It is evident from the results that whenever a load 
change occurs, it only affects the corresponding phases while the remaining 3
rd
 phase is 
not affected as can be seen in Fig. 3.6(b) and Fig. 3.6(c). It also settles down quickly to 
the new desired value within less than a half-cycle. 
Fig. 3.7 shows the simulation results for the conventional vector control of the grid 
forming inverter using cascaded control loops. The load variations for this case are 
identical to those used for the inverter controlled with the per-phase dq control. There one 
can see that it exhibits invariably slower transient response than that achieved with the 
proposed technique. In case of balanced load the dq axis negative sequence current 
components are zero and when the load becomes unbalanced then it supplies the required 
negative sequence current components as seen in Fig. 3.7(c). Similarly, for the positive 
sequence current components, the q-axis current component increases at 0.4 s as the load 
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     (c) 
Fig. 3.6. Waveforms for the per-phase vector control. a) Load voltages and currents; b) 
dq-frame reference and actual voltages for the three phases; c) dq-frame reference and 
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       (c) 
Fig. 3.7. Waveforms for the conventional vector control. a) Load voltages and currents; 





3.2 Per-Phase DQ Control of a Three-Phase Four-Wire Grid Forming VSI with ∆-
Y Transformer 
Three-leg voltage source inverters (VSIs) with a Δ-Y transformer between the 
inverter/filter and distribution system are used frequently for three-phase four-wire 
systems [35, 76, 77]. The transformer provides isolation, prevents DC injection from the 
inverter system and also allows operation with low DC link voltage for the storage 
battery [76]. With the Δ-Y transformer, the zero sequence component of the distribution 
feeder current is trapped or “circulates in the Δ winding”. Therefore, the control scheme 
for the grid forming inverter only needs to consider the voltage drops of the positive and 
negative sequence components across the output filter [76, 80]. 
The three-leg grid forming inverter with Δ-Y transformer in a hybrid stand-alone 
system is shown in Fig. 3.8. The load can include both single-phase and three-phase 
elements. A single-phase PV source is connected between a phase and the neutral. It is 
evident that this system can present severe load unbalances, requiring a grid forming 
inverter with a high performance control scheme to avoid voltage unbalances. The grid 
forming inverter is connected to the unbalanced load using LC filter and a Δ-Y 
transformer. The series equivalent impedance of the transformer is referred to the primary 
and is accounted for in the primary side filter impedance. For the LC filter, R is the 
resistance of the filter inductance (L) in the primary side of the transformer and C is the 
filter shunt capacitance in the secondary side of the transformer. The neutral point of the 


























Fig. 3.8. Δ-Y transformer based grid forming inverter with unbalanced loads and 
source(s). 
In the absence of a neutral wire as shown in section 3.1, the zero sequence 
component does not exist in the inductor currents and a per-phase dq-controlled three-leg 
inverter can be used to indirectly regulate the positive sequence component of the output 
voltage and cancel the negative sequence voltage drop on the inverter output filter.  In 
principle, the same strategy can be used in a three-phase four-wire system, consisting of a 
three-leg inverter with a Δ-Y transformer between the inverter/filter and load. Since the 
zero sequence current components created by phase-to-neutral loads circulate in the Δ 
winding of the transformer, they would not create any additional voltage drops in the 
output filter inductor of the three-leg inverter. The same per-phase control strategy 
proposed in the previous section can be used with some modifications in the control 
strategy which will account for the impact of the phase shift introduced by the Δ-Y 
transformer, as described in the next section. 
3.2.1 Control Strategy with the Impact of ∆-Y Transformer 
The circuit diagram of the three-phase Δ-Y transformer is shown in Fig. 3.9 which 
can be represented by three single-phase transformers. The turns ratio of each single-




secondary windings respectively. The transformer impedance is approximated by the 






















Fig. 3.9. Three-phase Δ-Y transformer. 
Due to the Δ-Y connection of the isolation transformer, the voltages applied to the 
transformer primary (Δ) windings are reflected to the transformer secondary (Y) 
windings with 30° phase rotation. The stability of the closed loop control system is 
affected negatively when the control action is carried out without considering the phase 
difference between the primary and secondary winding sets of the transformer. For the 
connection shown in Fig. 3.9, the primary voltage lags the secondary side voltage by 30°. 
Again, the relation between the instantaneous primary input current and secondary output 
currents for the three-phase Δ-Y transformer of Fig. 3.9, is given by, 
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For the analysis of the secondary side voltage regulation, the capacitors and output 




connected in between the VSI and the primary side of the transformer. Therefore, the 
outer voltage control loop works in the secondary while the inner current control loop 
works in the primary. Due to the 30° phase shift of the transformer, since it is required to 
regulate the voltage across the capacitors and load, if the secondary side voltage 
controller for phase ‘a’ works with a phase angle of     , then the primary side current 
controller for phase ‘a’ should work with a phase angle of (     )  (      ). 
Similarly, the other phases will have the 30˚ phase shift between the voltage and current 
control loops.  
For a three-phase three-wire system, the output of the voltage controller is the 
reference current for the inner current loop as shown in section 3.1.2. But in this case, the 
output of the voltage controller is the reference signal for the input current that has to be 
supplied to the common point of the capacitor and load, from the secondary side of the 
transformer. Since the current controller works in the primary side, so the output of the 
voltage controller, which is the reference current in the secondary side, should be 
transformed into the primary side current. So the transformation of the reference currents 
from the secondary to the primary should be adopted at this point. Therefore, the dq 
output from the voltage controller is converted to αβ that corresponds to transformer 
secondary reference current (Park Transformation with phase angle    for phase ‘a’). 
Then using the current transformation relation, it is reflected to the primary αβ reference 
currents and then finally into dq components for the primary side (Park Transformation 
with phase angle        for phase ‘a’) and passed to the current controller. This 
process for phase ‘a’ is shown in Fig. 3.10. Similarly, the currents of phase ‘b’ and ‘c’ 

































Fig. 3.10. Reference current transformation for phase ‘a’. 
Similarly, the fictive axis circuit emulation is updated for the inner current loop. 
The fictive axis circuit is emulated with the β components of inverter output voltage and 
the primary side voltage of the transformer for each phase. Without loss of generality for 
phase ‘a’, the beta component of the inverter output voltage is generated using inverse 
Park transformation (using phase angle       ) from the dq output of the current 
controller. The primary side β component of voltage can be obtained using equation 
(3.11). The instantaneous primary side voltage (αβ) for each phase can be calculated from 
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                     (3.11) 
3.2.2 Performance Verification 
The performance of the proposed technique is verified by simulation using PSIM
©
. 
The three-phase grid forming inverter operates with SPWM at 8 kHz from a 460 V DC 
bus. The desired load voltage is 220 VL-L at 60 Hz. The inductance and resistance of the 
output filter inductor including the transformer series impedance are equal to 3 mH and 
0.1 Ω. The filter capacitance is 25 μF. The turns ratio of each single-phase unit of the Δ-
Y transformer is n = 1:1/√3. Therefore, the magnitude of line/phase voltages is the same 




described in [68]. The inner current control loop was designed for a bandwidth (fx) of 
1200 Hz while the outer voltage loop was designed for fx = 120 Hz.  
Initially the grid forming inverter supplies a balanced Y-connected load (10.752 
Ω/ph.). At t = 0.3 s, a resistive load of 15 Ω is added to phase A and at t = 0.4 s, an 
inductive load (R = 10 Ω and L = 15 mH) is added to phase C. Finally, at t = 0.5 s a 
single-phase PV inverter connected between phase B and neutral, starts supplying 20 A 
(peak) with unity power factor. Note that this is more than the current consumed by the 
load(s) in this phase. The three-phase load voltages, load currents (with neutral wire 
current) and the inverter output currents are shown in Fig. 3.11 while the reference and 
actual voltages and currents in the three per-phase dq controllers are shown in Fig. 3.12.  
 
Fig. 3.11. Waveforms of the three-phase load voltages, load currents and inductor 
currents.  
The load voltage remains virtually balanced as the load demand in each phase 
varies quite a bit, even when the inverter absorbs power in one phase while supplying in 




load current as shown in Fig. 3.11 and Fig. 3.12. Besides, when the phase current of the 
load changes, it affects two phases of the primary inductor current due to the Δ-Y 
transformer as shown in Fig. 3.11. 
 
      (a) 
 
     (b) 
Fig. 3.12. dq waveforms of the voltage and current loops with the proposed control 
strategy; (a) Reference and actual voltages for the three phases, (b) Reference and actual 




Fig. 3.13 shows the dq output of the voltage controllers for the three phases which 
are the reference dq currents that should be supplied to the common point of the capacitor 
and load in the secondary. It is shown that, whenever a load change occurs, it only affects 
the corresponding phase current while the others are not affected. Since these currents 
correspond to the secondary side of the transformer, they have been transformed to the 
primary as described in section 3.2.1. Therefore, the final dq reference currents for the 
current controllers of the three phases are different as shown in Fig. 3.12(b).  The dq 
current waveforms are similar for the three phases, in the balanced case. However, when 
the active power demand in any phase is changed, the q component of the output 
reference current from the voltage controller also changed, while the other quantities 
remain unaffected as seen in Fig. 3.13. In order to visualize the transient response of the 
proposed per-phase dq control scheme, one can look at the variation of the reference and 
actual current in the filter inductor for the three phases. Fig. 3.12(b), shows that when the 
load demand changes, the reference current changes appropriately and reached the steady 






Fig. 3.13. Secondary side dq reference current waveforms for the three phases (before the 
current transformation & applied to the current controllers). 
3.3 Per-Phase DQ Control of a Four-Leg Grid Forming VSI 
Per-phase dq control strategy can be used in the grid forming inverter operating in a 
three-phase four-wire isolated system, consisting of a three-leg inverter with a Δ-Y 
transformer between the inverter/filter and load as described in the previous section. It 
was possible to use the three-leg inverter in the primary of the transformer for providing 
balanced regulated voltage across the three-phase four-wire unbalanced load; as the zero 
sequence current components created by phase-to-neutral loads circulate in the Δ of the 
transformer and they would not create any additional voltage drops in the output filter of 
the inverter. However, in practice, the transformer presents non-zero impedances in the Y 
side where the zero sequence current components produce a voltage drop. The three-leg 
inverter placed in the Δ side of the transformer cannot compensate this voltage drop [76]. 




A four-leg grid forming inverter connected to a generic impedance block, which 
can include single-phase and three-phase loads and sources, in a hybrid stand-alone 
system is shown in Fig. 3.14. The inverter presents an LC output filter, with the 
resistance of the inductor modeled and that of the capacitor neglected. The neutral point 
of the distribution system is connected to the 4
th
 leg (node f) of the battery inverter 
through a fourth inductor, identical to the other ones. It will help further reduce the 
switching harmonics [81] but will produce a voltage drop in the case of non-zero neutral 
currents to node f, making the potential at the neutral node (n) shift from zero potential. 























Fig. 3.14. Schematic diagram of a grid forming four-leg inverter with unbalanced load 
and source. 
It was shown in section 3.1 that per-phase dq control using fictive axis emulation, 
can provide balanced voltages with faster dynamic response than the conventional three-
phase dq control with symmetrical components calculator in three-phase three-wire 
systems. However, the application of this technique for four-wire system is not 
straightforward. In order to apply this technique in a four-leg inverter, one needs to 




the gating signals for the fourth leg so as to compensate for the voltage drop across the 
filter inductor of that leg. These will be discussed in the following sections. 
3.3.1 Emulation of the Fictive Circuit in the Current Loop of a Four-Leg Inverter 
with Neutral Impedance 
It has been shown in section 3.1.2 that the key aspect for the implementation of 
single-phase dq current control with fast dynamic response is the fictive axis emulation as 
shown in the cascaded control scheme block diagram in Fig. 3.5. However, when this 
technique is considered for a four-leg inverter with a neutral wire impedance, the latter 
has to be included in the fictive axis circuit, which would then present a coupled 
configuration as shown in Fig. 3.15. It corresponds to the average model of the actual 







































In Fig. 3.15 one sees the voltage sources that represent the orthogonal components 
of the three phases of the (switched) inverter (Eafβ, Ebfβ and Ecfβ) and capacitor (Vanβ, Vbnβ 
and Vcnβ) voltages. The former set comes from the output of the dq to αβ blocks, while 
the latter are obtained from the actual circuit with SOGIs, as shown in Fig. 3.5. The three-
phase line currents obtained from Fig. 3.15 are used for calculating the dq components of 
the three per-phase current control loops, similar to what is shown in Fig. 3.5. It should 
be noted that the neutral fictive current component (Inβ) is not used in any computations. 
3.3.2 Generation of the Inverter Output Voltage 
Various modulation techniques have been suggested for switching the four-leg 
inverter [81-84]. The three-dimensional space vector modulation (3-D SVM) technique 
was originally proposed in [81]. It employs an αβ0 transformation and requires complex 
calculations for the selection of the switching vectors. Carrier based pulse width 
modulation (PWM) is another option [83]. It has been shown to be equivalent to a 3-D 
SVM but with an easier implementation. Because of that, it was chosen to be used in this 
work for converting the reference signals from the control loops into gating signals for 
the four-leg inverter. Its block diagram is shown in Fig. 3.16. The inputs (eaf, ebf and ecf) 
are the α components of the three per-phase inverter voltages obtained from Fig. 3.5 and 























with the following constraint,  
, ,dc af bf cf dce e eV V                        (3.13) 
 
Fig. 3.16. Carrier based PWM method for four-leg inverter. [83] 
In equation (3.12), ‘o’ stands for the fictive mid-point of the DC link voltage and efo 
is known as the offset voltage and can be calculated as, 
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Where emax = max(eaf, ebf, ecf) and emin = min(eaf, ebf, ecf). emax corresponds to the 
maximum instantaneous value among eaf, ebf and ecf while emin is the minimum value. 
Similarly, the function mid relates to the medium or intermediate value of the selected 
variables. The triangular carrier presents a period equal to Ts. The values of the on times 


















































































3.3.3 Performance Verification 
The performance of the proposed control strategy is verified by simulation using an 
average model inverter, so that one can clearly see the speed of response of the system 
without any switching noise and experimentally with a laboratory prototype. 
3.3.3.1 Simulation Study 
The simulation study was conducted using MATLAB/SIMULINK
©
 and the PV 
hybrid system shown in Fig. 3.17. The output voltages of the inverter are the α-
components of the per-phase cascaded dq control circuit shown in Fig. 3.5, one for each 
phase. The desired load voltage is 220 V line to line at 60 Hz. The inductance and 
resistance of the output filter inductor are equal to 3 mH and 0.1 Ω. The filter capacitance 
is 25 μF. The PI controllers were designed as described in [68]. The inner current control 
loop was designed for a bandwidth of 1200 Hz while the outer voltage loop was designed 
for a bandwidth of 120 Hz. The performance of the proposed control strategy has been 
compared with a conventional SCC based control scheme [38] with the same 


























Initially the grid forming inverter is supplying a balanced load (10.752 Ω/ph.). At t 
= 0.3 s, an inductive load (R = 30 Ω and L = 15 mH) is added between phases A and C 
and at t = 0.5 s, a resistive load of 15 Ω is added in phase C. Finally, at t = 0.7 s a single-
phase PV inverter connected between phase B and neutral, starts supplying a current of 
20 A (peak) with unity power factor. The three-phase load voltages and load currents, 
including neutral wire, are shown in Fig. 3.18 for both the conventional SCC based and 
the proposed control schemes. There one sees that the load voltages remain balanced in 
steady-state for both control schemes at all the various load unbalances considered in this 
study. However, the transient response of the SCC based control scheme was slower than 
the proposed one. One can observe in particular, the significant impact of reverse power 
flow in one of the phases when the PV inverter starts supplying active power beyond that 
consumed by the local load. Conversely, the proposed method presents a much faster 
response regulating the load voltages almost instantaneously even when the power flow 
in phase B of the grid forming inverter reverses. 
Fig. 3.19 shows the reference and actual voltages and currents for the grid forming 
inverter in the dq frame with the conventional SCC based (Fig. 3.19.a & Fig. 3.19.c) and 
the proposed (Fig. 3.19.b & Fig. 3.19.d) control schemes. There, one clearly sees that the 
deviations in the voltage signals are smaller and shorter with the proposed per-phase 
scheme than with the conventional SCC based scheme. One reason is that the current 
reference signal for the proposed scheme reacts faster than the SCC based one to load 
variations and voltage errors. For the SCC based scheme, the positive sequence current 
increases as loads are added and decreases when the PV inverter starts supplying active 




the system. As for the zero sequence currents, they are only present after t = 0.5 s when 
neutral connected unbalanced loads and sources start to operate. 
 
 
Fig. 3.18. Waveforms of the output voltages and currents of the grid forming inverter for 
varying load conditions. a) Conventional SCC-based control scheme; b) Proposed per-













Fig. 3.19. Waveforms of the voltage and current loops of the grid forming inverter in dq 
coordinates. a-b) Reference and actual voltages for the conventional and proposed control 
schemes respectively; c-d) Reference and actual currents for the conventional and 




These are not explicitly seen in the per-phase scheme which does not need to 
compute the symmetrical components of voltages and currents, which is a slow and 
required process in the conventional scheme. Thus, variations in the reference currents to 
compensate for voltage unbalances take place faster and only in the phase(s) directly 
related to the load variations. Fig. 3.19(d) shows that the d component of the inductor 
(filter) current in phase B is small positive because of the reactive power supplied by the 
filter capacitor. There are no reactive power variations in that phase where a unity power 
factor source is connected at t = 0.7, making the q current in that phase become negative. 
Conversely, the d component of the inductor current in phase A becomes negative when 
an inductive load is added between phases A and C at t = 0.3 s and does not change at t = 
0.5 s when a resistive load is connected between phase C and the neutral. 
Finally, the performance of the per-phase dq controlled grid forming inverter has 
been assessed for a non-linear load. The non-linear load has been applied in parallel to 
the last unbalanced load, considered in the previous simulation (between 0.7 s and 0.9 s). 
The non-linear load is a three-phase diode rectifier loaded by a 4000 µF capacitor and a 
150 Ω resistor in parallel and the crest factor is 2.4:1, where the crest factor is equal to 
the peak amplitude of a waveform divided by the rms value. The three-phase load 
voltages and load currents, including neutral wire, are shown in Fig. 3.20 for the 
proposed control schemes. The current in the three phases are distorted due to the impact 
of non-linear load. Phase b is highly distorted with a THD of 226% since the current due 
to the linear load in this phase is almost zero while the THD of currents in phase a and c 
are 9% and 6% respectively. The output voltage is almost balanced and regulated as 





Fig. 3.20. Waveforms of the output voltages and currents of the grid forming inverter 
with unbalanced and non-linear load for the proposed per-phase control strategy. 
3.3.3.2 Experimental Study 
The experimental study was conducted with a small-scale laboratory prototype. The 
four-leg inverter was realized with two SEMIKRON SEMITEACH inverters, since each 
one presents only three legs. The control algorithm was implemented in a dSPACE DS-
1103 system. Table 3.1 shows the parameters for the experimental study of the four-leg 
grid forming inverter. The PI controllers have been designed as described in [68] for 
bandwidth of 1200 Hz and 120 Hz for the inner current control loop and outer voltage 
loop respectively. The DC bus of the inverter was created with the SEMITEACH’s three-
phase diode rectifier. A three-phase VARIAC was used to adjust the DC bus voltage to 
the desired value and a 8000 μF capacitor to minimize the DC bus voltage ripple. Various 
types of load configurations, described in Table 3.1, were considered in the tests. These 






Table 3.1. System Parameters for the Experimental Study. 
DC bus voltage 250 V 
Load voltage 105 V/phase (peak) at 60Hz 
Filter capacitor 10 μF 
Filter inductor 8 mH 
Internal resistance of filter inductor 1 Ω 
PI current controller parameters kp = 120 & ki = 316×10
3
 
PI voltage controller parameters kp = 5.33×10
-3
 & ki = 1.42 
Switching scheme SPWM  
Switching frequency 6 kHz 
Sampling frequency of DSP 40 kHz 
Load 
Balanced Ra = Rb = Rc = 28.57 Ω  
Unbalanced 
1. Ra = 16.67 Ω & Rb = Rc = 28.57 Ω 
2. Rb = ∞ & Ra = Rc = 40 Ω 
3. Rb = Rc = ∞ & Ra = 40 Ω 
Fig. 3.21 shows the steady-state behavior of the four-leg inverter for balanced and 
various unbalanced load cases as considered in Table 3.1. The four-leg inverter with the 
proposed control scheme was able to regulate the fundamental component of the load 
voltage close to the specified 105 V peak for all cases of load unbalanced including a 









Fig. 3.21. Steady state load voltages and currents of the grid forming inverter for different 
loads. a) Balanced load; b-d) Unbalanced load #1, #2 and #3 respectively. 
Table 3.2 shows the magnitudes of the fundamental components of the three phase 
voltages and the total harmonic distortion (THD) for all tested conditions in steady-state 
as well as the phase voltage unbalance rate (PVUR). According to IEEE, PVUR is 




    
%
  
maximumvoltagedeviation from the average phase voltage
PVUR 100
average phase voltage
              (3.16) 
IEEE recommends a value of PVUR less than 2% for the distribution system. The 
percentage negative and zero sequence load currents with respect to the positive sequence 
components are indicated for all cases, what indicates the “degree” of load unbalance. 
There one sees that the resulting voltage unbalances with the proposed control scheme is 
very small in all cases, increasing in general with the severity of the load unbalance. It 
should be noted that the gate drive circuit of the SEMITEACH unit uses an inherent large 
dead-time of 4.8 µs for each leg, what certainly increased the values of THD.  
Table 3.2. Experimental Results of Steady State Performances. 



















Balanced 0 0 104.94 104.95 104.88 1.7 1.9 1.9 0.041 
Unb. #1 100 20 104.92 104.87 105.05 1.8 1.8 1.4 0.098 
Unb. #2 50 50 104.84 105.23 104.92 2.5 3.0 3.0 0.222 
Unb. #3 100 100 104.96 104.77 104.69 2.8 3.9 3.9 0.146 
Fig. 3.22 shows the transient response of the system. Initially the load and the 
inverter voltages are balanced. Then, at approximately 1.986 s, the load in phase A 







Fig. 3.22. Transient response of the grid forming inverter. a) abc-frame load voltages and 
currents; b) dq-frame reference and actual voltages and currents for the three phases. 
In spite of the unbalanced load, the voltages in the three phases remain virtually 
identical as one can see from the voltage waveforms in abc and dq coordinates. The 




actual currents in phase A. The currents in phases B and C remained unchanged. It should 
be noted that for a similar load variation it took almost 2 line cycles in [38] and [34], for 
the system to recover the balanced voltage condition. 
3.4 Summary of Chapter 3 
This chapter presents new control techniques suitable for three-phase grid forming 
inverters operating in stand-alone hybrid mini-grid systems with highly unbalanced loads. 
The conventional control methods for the grid forming inverters result in slow dynamic 
response and also are not suitable for variable frequency operation which is common in 
the autonomous systems. The speed of response achieved with this technique is very fast 
due to the proposed per-phase dq control strategy. Fictive axis circuit emulation was used 
in the inner current loop and frequency adaptive SOGI was used in the outer voltage loop 
to obtain the orthogonal components. Therefore, the proposed per-phase control strategy 
can operate with variable frequency unlike the conventional control methods.  
The chapter initially presented the per-phase control strategy for the three-phase 
three-wire grid forming inverter employing conventional three-leg VSI. In this case, a 
per-phase dq-controlled three-leg inverter was used to indirectly regulate the positive 
sequence component of the output voltage and cancel the negative sequence voltage drop 
on the inverter output filter. However, the application of this technique for four-wire 
system is not straightforward due to the existence of the zero sequence components. Two 
solutions have been proposed in this regard. The first is the conventional three-leg VSI 
with a Δ-Y transformer between the inverter/filter and distribution system which can act 
as a grid forming unit for unbalanced loads. The zero sequence components do not appear 




some modification in the control strategy to take account the impact of Δ-Y transformer 
was proposed. The second solution for the four-wire application was to use the four-leg 
inverter with per-phase dq control strategy. A new coupled fictive axis emulation for the 
inner current loop of four-leg grid forming inverter has been proposed to compensate the 
impact of the zero sequence components. 
The proposed per-phase control strategies allow the grid forming inverters to 
provide balanced output voltages under severe load unbalance conditions. Even when the 
inverter has to supply power through two phases and absorb through the other one, due to 
the presence of a single-phase PV inverter, its output voltages remain balanced. The 
superior performance of the proposed control strategies were demonstrated by means of 






BESS OPERATION IN DIESEL HYBRID MINI-GRID 
Traditionally, remote communities worldwide consist of autonomous power 
systems (mini-grids) supplied almost exclusively by diesel-engine generator sets 
(gensets) at relatively high costs. Integration of renewable energy sources (RESs) such as 
PV and wind can substantially reduce the cost of electricity generation and emissions in 
these remote communities. The highly variable load profile of the remote communities 
and the fluctuating characteristics of the RESs, cause frequent operation of the diesel 
genset at low loading condition, at low efficiency points. It results in carbon build up in 
the diesel engine, what increases maintenance cost and significantly affects the life time 
of the genset. A minimum load of about 0.4 pu is usually recommended by genset 
manufacturers. These issues can be mitigated with a battery energy storage system 
(BESS). In the genset support mode, as a basic feature, it can provide minimum loading 
for the genset and supplement it under peak load conditions. In cases when the power 
demand from the genset is low, due to high supply of RESs and/or low load consumption, 
the genset can be shut-down and the BESS operates in the grid forming mode, regulating 
voltage and frequency. 
Another important aspect to consider in the diesel hybrid mini-grid is load 
unbalance. Diesel gensets supplying unbalanced loads experience overheating in the 
synchronous generator and vibration in the shaft. If a BESS is used in a diesel-hybrid 




services to reduce operating costs and improve power quality. Besides, mini-grid most 
often operate with variable frequency to convey information of the shortage (low 
frequencies) or surplus (high frequencies) of power/energy in the mini-grid to distributed 
controllable sources and loads. Therefore the BESS should be capable of working with 
frequency variation in grid forming and genset support modes in the diesel hybrid mini-
grid. The main objective of this chapter is to provide a complete solution to overcome the 
operational and power quality issues in diesel hybrid mini-grid as discussed in section 
1.2. Therefore, this chapter deals with a proposed multi-functional control system of a 
BESS for a variable frequency diesel hybrid mini-grid with high penetration of RESs and 
highly unbalanced loads. 
4.1 Description of the System 
The power circuit of the system under consideration is shown in Fig. 4.1. In the 
left-hand side, there is a three-phase diesel genset that operates with variable frequency 
using the power vs. frequency droop control strategy, and that can be disconnected from 
the system in case of need or convenience. Besides, there is also a three-phase BESS, 
which is connected in parallel to the genset at the point of common coupling (PCC). The 
BESS is based on a three-phase voltage source inverter (VSI) with an LC output filter. A 
distribution system is employed to connect the diesel power plant and the BESS to 
residential rooftop type PV systems and loads. Normally residential roof-top type PVs 
(capacity below 10 kW) are connected to the distribution system using current controlled 




































Fig. 4.1. Circuit diagram of a three-phase three-wire diesel-hybrid mini-grid with battery 
inverter, single-phase RES and unbalanced load. 
The BESS has two basic operation modes: genset support, when the genset forms 
the grid, and grid forming, when the genset is off and the BESS regulates voltage and 
frequency. In the first mode it operates as a three-phase independently controllable 
current source. It balances the load by injecting the negative sequence of the load current, 
provides load reactive power so that the genset operates with unity power factor (UPF), 
supplies the reactive current for the output filter capacitors of the BESS and controls 
active power so as to force the genset to operate within an ideal output power range. If 
the output power of the genset falls below a certain value (    ), typically 0.4 pu, the 
BESS absorbs active power to provide minimum loading for the genset. Conversely, the 
BESS will supply active power when the output power of the genset exceeds another 
value (         pu). The BESS should not deal any average active power when the 




In the second mode, the BESS forms the grid what requires operation as a three-
phase voltage source. One major challenge in this case is to provide balanced voltage to 
an unbalanced load. This should not have a significant impact in terms of voltage 
unbalances when a diesel genset with a low impedance synchronous generator forms the 
grid. On the other hand, when a battery inverter, with a relatively larger output 
impedance of the low pass filter, forms the grid, larger voltage unbalances might appear. 
In such a case, appropriate control loops have to be used so as to guarantee that even 
under highly unbalanced output currents, the grid forming battery inverter can supply 
balanced voltages to the distribution grid. 
Finally a “Mode Selection and Transition System (MSTS)” is used to operate the 
BESS in either genset support or grid forming mode and make transition between the 
modes. The operation mode of the BESS depends on system conditions, e.g., a) Genset at 
minimum loading with load demand being less than 0.4 pu, while the BESS has enough 
energy to supply the light load which will result in a transition from genset support to 
grid forming mode, b) The BESS does not have enough energy in the grid forming mode 
anymore and the genset has to be brought in to supply the load which will result in a 
transition from grid forming to genset support mode, c) During daytime with high 
penetration of PV power generation, the genset can be turned off, so most of the power 
comes from PV while the remaining can be supplied or absorbed by the BESS, etc. 
Normally an energy management algorithm with the above information should decide the 
operating mode of the BESS. However, it would require typical daily load profile of the 
mini-grid, information about the state-of charge (SOC) of the battery etc. to choose the 




Therefore, in this work, the operation of the BESS in either mode and smooth transition 
of the BESS between the modes are mainly analyzed. The MSTS is proposed to select 
and operate the BESS in the desired mode and make smooth transition of the BESS 
between the modes. 
4.2 Control Circuit of the BESS 
The general block diagram of the control circuit of the BESS is shown in Fig. 4.2. It 
consists of a per-phase dq controller, a reference current generator for the genset support 
mode, a PLL+ICA (Phase Locked Loop + Intelligent Connection Agent) module and a 
“Mode Selection and Transition System (MSTS)” module. These components are 
discussed in the following sub-sections. 
As mentioned before, the BESS will operate either as a controlled current source, 
for genset support, or as voltage source, forming the grid. In such a case, it is convenient 
to employ the conventional two loop cascaded control scheme with an inner current loop 
and an outer voltage loop. The key element is the per-phase dq control block, including 
the voltage and current loops, that is used for the generation of the gating signals of the 
three phases with SPWM. A switch controlled by the operating mode of the BESS is used 
to select the reference current for the inner current loop, which can be either the output of 
the voltage control loop, when the BESS forms the grid, or an external signal, when the 
BESS is supporting the genset.  
During the genset support mode, the BESS will employ only the inner current loop 
and the reference will be provided by the external signal from “Iref Generator in Genset 




the required current components for the BESS to: 1) Balance the load for the genset; 2) 
Compensate for the reactive power consumed by the output filter capacitors; 3) Supply 
the load reactive power and 4) Inject/absorb the active power needed to keep the genset 
operating within the desired range. For these function to be implemented, additional 




















































































The per-phase dq controller requires the phase angle and angular frequency for the 
Park and Inverse Park transformation during both modes, which are extracted using 
PLL+ICA module. During the genset support mode, the PCC voltage will be the 
reference for phase angle and frequency while during the grid forming mode, the desired 
rated mini-grid voltage will be the reference voltage. Besides, the PLL+ICA will also 
provide these quantities for smooth transition during connection and disconnection events 
of the genset. 
Finally the MSTS block is used to control the operation of the BESS either in 
genset support mode or in grid forming mode depending on the condition of the system 
as described in previous section. Besides it also performs the controlled smooth transition 
between the two operating modes. For these purposes, this block generates several 
control signals which will be discussed in later subsections. 
4.2.1 The Per-Phase Cascaded DQ Control Block 
The per-phase dq control strategy proposed in section 3.1 is used for the BESS with 
some modifications that allow operation in both modes. The block diagram of the 
modified per-phase dq control strategy for phase “a” of the BESS is shown in Fig. 4.3. 
The three phase legs of the BESS are controlled independently from each other, as single-
phase units with per-phase dq control strategy, so as to regulate the (phase) voltage with 
cascaded inner current and outer voltage loops in the grid forming mode or to provide the 
desired current using only the inner current loop in the genset support mode. 
During the genset support mode, the voltage regulation loop is disabled by the 
    ̅̅ ̅̅ ̅̅ ̅̅  signal coming from the MSTS module (during genset support, mode = 1 and vice 




reference current generator (      
 ). During the grid forming mode, the BESS operates 
with the cascaded control loop, i.e., the outer voltage control loop generates the reference 
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Fig. 4.3. Schematic diagram of the per-phase cascaded control block for the BESS. 
The angular frequency (ω) used in the SOGIs for orthogonal signal generation is 
provided by the PLL+ICA block. Besides, the sinθ and cosθ terms required for the Park 
and inverse Park transformations are also obtained from the phase angle provided by the 
PLL+ICA block. 
Similar per-phase controllers also apply for phase “b” and phase “c” with the three 
θ angles being 120° apart. The reference voltages for the three phases have the same 
magnitude and are phase shifted by 120° in the grid forming mode. Vq
*
 is set at the peak 
value of the reference phase voltage as determined by the PLL+ICA block while Vd
* 
is set 




4.2.2 Reference Current Generation in Genset Support Mode 
During the genset support mode, the reference current for the inner current loop is 
generated externally from the “Iref Generator in Genset Support Mode” block as shown in 
Fig. 4.2. It consists of four components and the generation of each component is 
described below. 
4.2.2.1 Negative Sequence Component Extraction from Load Current 
Any sets of unbalance voltages or currents can be expressed as three symmetrical 
components of positive, negative and zero sequence.  In the absence of a neutral wire, 
like in the case considered in this study, there are no zero sequence components. The 
negative sequence current components can be extracted as follows. Clark transformation 
is used for transforming the variables in between abc and αβ frames as shown in equation 
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                                    (4.2) 
The positive and negative sequence αβ components of the three-phase unbalanced 
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                                        (4.3) 
In order to use equation (4.3) to obtain the positive and negative sequence 
components in αβ frame, one needs to implement the j operator that corresponds to a 90° 
phase shift. Therefore, one can use the SOGI as shown in Fig. 2.16, where the β 
component corresponds to a -j term and which also allows precise calculation due to the 
frequency adaptive characteristics in case of frequency variation in the mini-grid. 
Therefore, in this case, at first the load currents (    ) are converted in αβ frame (   ) by 
equation (4.1), then equation (4.3) is used to extract the negative sequence components of 
the load current in αβ frame (   
 ) and finally inverse Clark transformation is applied to 
obtain the reference negative sequence current in abc frame (     ) which the BESS 
needs to inject into the mini-grid for load balancing.  
4.2.2.2 BESS Capacitor Current Compensation 
In the genset support mode the BESS acts as a controlled current source. The 
purpose of the output capacitor is to reduce switching frequency harmonics mainly during 
the grid forming mode. The BESS can supply the reactive currents of the capacitors in the 
grid support mode. If vα and vβ are the αβ voltage components for a phase, then the 
amplitude  of each phase voltage is calculated as, 
2 2V v va b                                                              (4.4) 









                                                                    (4.5) 
Where, XC is the capacitive reactance and it should be updated depending on the 
value of the angular frequency (ω). Similarly, the amplitude of the required reactive 
currents of other phases can be calculated. Using the phase angle and amplitude the 
required reactive current refrence are generated for the three phases to compensate the 


































                                 (4.6) 
4.2.2.3 Load Reactive Power Compensation  
The BESS should also supply the reactive power of the load, so that the genset 
operates with unity power factor. Note that in system with a small genset, if this has to 
balance all active power, it is better to “save” all its apparent power for active power 
control. The total positive sequence reactive power of the load can be calculated as, 
Q v i v ia ab b
                                                               (4.7) 
Equations (4.1) and (4.3) is applied on the PCC voltage and the load currents to 
obtain the positive sequence αβ components (   
  and    
 ) required for using equation 
(4.7) to determine the load positive sequence reactive power. Though the positive 
sequence power is a DC quantity resulting from balanced positive sequence voltages and 
currents, still a low pass filter with a cut off frequency of 10 Hz is used on this signal to 




The power calculated from equation (4.7) is used to calculate the peak value of the 
reference reactive component of the current of the BESS for load reactive power 








                                                               (4.8) 
Where,    is the peak value of the positive sequence voltage components. The 
negative sign indicates that the BESS supplies reactive power while the load is 
consuming. The instantaneous reference reactive currents (     ) of the BESS for load 
reactive power compensation will have the same magnitude and is generated using the 
cosine of the phase angle with abc phase sequence. 
4.2.2.4 BESS’ Active Component Current Calculation to Operate the Genset within 
the Desired Range 
In order to avoid the carbon build-up phenomenon as well as low efficiency of the 
genset, it should typically run above a power capacity of          pu. The BESS can 
absorb power to provide minimum loading for the genset and also supply extra power 
when the genset is about to operate at its maximum capacity (         pu). This logic 
can be implemented using the information of the minigrid load power demand. Since the 
BESS is providing the negative sequence components of the load during the genset 
support mode, therefore, it should supply or absorb positive sequence power in order to 
ensure the operation of the genset within the desired range. The total positive sequence 
power of the load can be calculated as, 
P v i v ia a b b




Equations (4.1) and (4.3) are applied on the PCC voltage and the load currents to 
obtain the positive sequence αβ components (   
  and    
 ) required for using equation 
(4.9) to determine the load positive sequence power. Though the positive sequence power 
is a DC quantity resulting from balanced positive sequence voltages and currents, still a 
low pass filter with a cut off frequency of 10 Hz is used on this signal to minimize the 
effect of sudden load disturbances. 
The power calculated from equation (4.9) is passed to a look-up table to determine 
the reference positive sequence power command for the BESS. The characteristics of the 
look-up table describing the relationship between the BESS positive sequence power 
(     
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Therefore the peak value of the reference positive sequence active component of 










                                                            (4.11) 
Where,    is the peak value of the positive sequence (phase) voltage components. 
The instantaneous reference active currents (     ) of the BESS will have the same 





4.2.3 Mode Selection and Transition System (MSTS) Module 
The Mode Selection & Transition System (MSTS) Module is proposed to select 
and operate the BESS in the desired mode which can be either genset support or grid 
forming depending on the status/condition of the system as mentioned in section 4.2. 
Besides, MSTS also performs the controlled smooth transition between the two operating 
modes. For these purposes, it generates the following four control signals: 
 ‘mode’ signal: It is mainly used to operate the BESS either in genset support or grid 
forming mode. During the genset support, mode = 1 while during the grid forming, 
mode = 0.  
 ‘gs2f’ signal: It performs the controlled transition of the BESS from genset support to 
grid forming mode (when gs2f = 1). 
 ‘gf2s’ signal: It performs the controlled transition of the BESS from grid forming to 
genset support mode (when gf2s = 1). 
 ‘Invctrl’ signal: This signal is used for controlling the breaker of the BESS. Invctrl = 1 
in normal operation of the BESS. In case of maintenance of the BESS,  MSTS 
makes Invctrl = 0 to open the BESS breaker from the minigrid system. After the 
maintenance the BESS can be connected to the diesel hybrid mini-grid system in 
genset support mode with Invctrl = 1, since the BESS is synchronized with the PCC 
voltage and reference current is still generated from the external reference current 
generator block.  
The objectives and functions served by these signals during two operating modes 




4.2.3.1 ‘mode’ Signal 
This signal indicates the operating mode of the BESS in the mini-grid system. The 
BESS operates in genset support mode when mode = 1, and operates in grid forming 
mode when mode = 0. It has several control functions. During the grid forming mode, the 
genset breaker opens and the BESS forms the grid for the mini-grid distribution system. 
Again the BESS supports the genset when the genset forms the grid with the genset 
breaker being closed. The mode signal controls the genset breaker directly depending on 
the operating  mode of the BESS.  
The mode signal also selects the control loop for the per-phase controllers, i.e., 
when mode = 1, then the inner current loop takes the reference from the reference current 
generator block in the genset support mode and when mode = 0 then takes the reference 
current from the output of the voltage controller in grid forming mode. Besides, the error 
signal of the voltage controller is also multiplied by the     ̅̅ ̅̅ ̅̅ ̅̅  signal, so that during 
genset support mode the output of the PI controller of the voltage loop is kept at zero 
which ensures minimal transition for the voltage during the mode transfer. Besides, the 
mode signal is used in the PLL+ICA module to generate the appropriate phase angle and 
angular frequency (and reference voltage) for the per-phase controllers. This signal is 
also used in the reference current generator block in both modes and also during the 
smooth transition processes as will be discussed in next section. During the transition 
from grid forming to genset support mode of the BESS, the genset should be loaded 
slowly with the positive sequence power, therefore, the mode signal is also used to 
initiate the transfer of the current slowly from BESS to the genset as will be shown later 




4.2.3.2 ‘gs2f’ Signal and the Corresponding Transition Process 
This signal is used for planned transition from genset support to grid forming mode. 
The MSTS module monitors the system status and when necessary performs this 
transition. It initiates the transition by making gs2f = 1 and keeps this value during the 
whole transition process. This signal is used in the reference current generator block and 
the PLL+ICA module to make the smooth transition. The proposed transition process is 
shown in Fig. 4.4. It takes place through the following events. 
a) Initially the genset is supplying positive sequence current component to the mini-grid 
system in the genset support mode. At first the BESS should unload the genset in 
order to prevent the sudden current change in the genset. So the BESS takes over all 
the positive sequence current of the load while still supplying the required negative 
sequence component, reactive current component of the load and the output capacitor 
current. This is done by changing the reference positive sequence active power of the 
BESS from the output of the look up table to the full load positive sequence active 
power as shown later in section 4.2.3.4. And this process is initiated by the gs2f signal.  
b) The MSTS system monitors the PCC voltage in terms of frequency and magnitude of 
the phase voltage. When the genset is unloaded, the PCC voltage of the minigrid will 
be operating with the no-load frequency and voltage of the genset. The MSTS module 
monitors the system status and as soon the system reaches steady state taken as 15 
cycles, it changes the mode signal from 1 to 0, so the genset breaker will open and the 
BESS starts operating in grid forming mode. 
c) As the mode changes, the frequency, phase angle and the reference voltage for the 




parameters of the PLL+ICA module are changed to achieve this. This ensures that the 
the mini-grid distribution system does not experience any voltage disturbance at the 
PCC during the mode transfer. 
End 
Start 
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d) Since the grid forming unit is operating with the last no-load voltage and frequency of 
the genset and it is not the rated value of the mini-grid distribution system, so the 
PLL+ICA module will change the frequency and voltage magnitude to the rated 
values. 
e) Finally the MSTS makes gs2f = 0 when the grid forming BESS operates with steady 
state rated values (for voltage magnitude and frequency) for 15 cycles (~ 0.25 s.) The 
MSTS waits 0.25 s in order to keep safe margin from the changes in frequency and 
amplitude of the grid forming BESS. 
4.2.3.3 ‘gf2s’ Signal and the Corresponding Transition Process 
This signal is used for planned transition from grid forming to genset support mode. 
The MSTS module monitors the system status and when necessary performs this 
transition. It initiates the transition by making gf2s = 1 and keeps this value during the 
whole transition process. This signal is used in the reference current generator block and 
the PLL+ICA module to make the smooth transition. The flow chart indicating the 
transition process from grid forming to genset support mode is presented in Fig. 4.5. The 
proposed transition process takes place through the following events. 
a) Initially the grid forming BESS is operating with fixed rated frequency and voltage of 
the minigrid system. When the genset is ready to be reconnected, the reference 
voltage of the grid forming unit should be synchronized with the genset (no-load) 
output voltage. It is done by changing the parameters of the PLL+ICA module to a 
slow synchronization value. When gf2s signal is made ‘1’, then at first, the angular 




reference peak value of the voltage for the grid forming unit will be made equal to the 
peak value of the genset output voltage. 
End 
Start 
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Fig. 4.5. Flow chart for the transition from grid forming to genset support mode. 
b) The MSTS module monitors this synchronization process. It checks the frequency and 




output and the PCC. As soon the system reaches steady state (for 15 cycles), the 
MSTS changes the mode signal from 0 to 1, so the genset breaker will close and the 
BESS starts working in genset support mode.  
c) The parameters of the PLL+ICA module will be changed to the normal tracking 
values when the mode signal changes from 0 to 1, so that the BESS tracks the PCC 
voltage as set by the genset. 
d) During this mode transfer, the genset should not be loaded suddenly. So to achieve 
smooth transition of the positive sequence current from the BESS to the genset, the 
positive sequence reference current of the BESS should be decreased slowly by the 
reference current generator block, resulting in slow loading of the genset during this 
mode transfer. This is done by changing the reference positive sequence active power 
of the BESS from the full load positive sequence active power to the output of the 
look up table as shown in the next section. And this process is initiated by the mode 
signal. 
e) The MSTS module monitors the system status and as soon the system reaches steady 
state (for 15 cycles), it makes gf2s = 0 to end the transition process. 
4.2.3.4 Loading & Unloading of Genset Current during Transition Processes 
During the grid support mode, the BESS supply or absorb positive sequence (or 
average) active power if the genset operates with mini-grid load of above          pu 
or below          pu respectively. It ensures maximum or minimum loading of the 
genset. If during the transition processes the mode signal is changed suddenly without 




transient. Therefore, a smooth transition of the active power should be adopted between 
the genset and BESS.  
Fig. 4.6 shows the generation of the positive sequence active power command for 
the BESS as adopted in this study. The switches used in the model use a threshold of 0.5, 
therefore when the control signal is more than 0.5, then it passes the top input and vice-
versa. During the genset support mode, the output of the look up table provides the 
reference value for the BESS. During the transition from the genset support to grid 
forming mode, the BESS has to take all positive sequence power slowly from the genset. 
So when the gs2f signal becomes 1 then the reference value of the positive sequence active 
power for the BESS is directly set as the load positive sequence power instead of the the 
command from the look up table as shown in Fig. 4.6. However this step change is 
passed through a rate limiter, so the positive sequence power transfers slowly from the 
genset to the BESS and the genset is finally unloaded before the mode transfer.   
 
Fig. 4.6. Generation of positive sequence active power command for the BESS. 
Again during the transition from grid forming to genset support, the genset should 
be loaded slowly. So it is done on the reverse way controlled by the gf2s signal. When gf2s 




and as the signal mode = 1 is applied, the input power commamnd changes to the output 
of the look up table as shown in Fig. 4.6. But this step change is passed through a rate 
limiter to transfer the power from the BESS to the genset smoothly. 
4.2.4 PLL+ICA Module 
The per-phase dq controller requires the phase angle and angular frequency for the 
Park and Inverse Park transformation in both modes and also during the transition 
between the modes. Besides, the external reference current generator also uses these 
quantities to generate the reference current in the genset support mode. During the genset 
support mode, the BESS should be synchronized to the PCC voltage, while during the 
grid forming mode it should be synchronized with a desired reference output voltage. The 
PLL+ICA (Phase Locked Loop + Intelligent Connection Agent) as shown in Fig. 4.2  can 
perform these tasks. During the grid forming mode, the PLL+ICA module will also 
provide the reference voltage command for the per-phase controller. This module can 
also change this reference value as well as angular frequency and phase angle during 
transition between the modes to achieve smooth operation of the mini-grid system with 
the requirement proposed in MSTS. Besides, the angular frequency and magnitude of the 
PCC voltage provided by this module are also used as feedback signals in the MSTS to 
manage its control signals. 
Frequency locked loop (FLL) based grid synchronization methods use adaptive 
filters, implemented by means of dual SOGIs (DSOGIs), which are self-tuned to the grid 
frequency through the action of the FLL [86]. With a simple change in its configuration, 
it can be transformed into an oscillator, which makes it a good choice to operate both as 




DSOGI-FLL structures to control an intelligent connection agent (ICA) based on a 
voltage source inverter for smooth transition of a microgrid between grid connected and 
islanded mode. During the grid connected mode, it just monitors the grid and does not do 
any grid feeding or grid support operation and in case of fault in the grid side, it 
disconnects the microgrid by a controlled switch operated by the ICA system. After 
disconnection it works as an oscillator and controls the VSI as a grid forming unit to 
control the voltage of the isolated microgrid. Again during the reconnection process of 
the microgrid with the network, the two DSOGI-FLL structures has been used to detect 
the normal grid condition and synchronize the grid forming unit with the grid voltage and 
finally the microgrid was connected to the utility grid [86]. However in this study this 
concept is modified with only one DSOGI-FLL structure, which allows the operation of 
the BESS in both modes and also during the smooth transition between the modes.  
The structure of SOGI for orthogonal signal generation is shown in Fig. 4.7, where 
ωo is the SOGI resonant frequency and ks is the damping factor. When the frequency of 
the input signal is equal to ωo the output signal amplitude will be the same as input 
amplitude. If   is an input sinusoidal signal, then    and     will be sinusoidal as well. 
Moreover,     will be always 90˚ lagging of   , independent of both the frequency of   
and the values of ωo and ks. The transfer functions describing the behavior between input 
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Fig. 4.7. Frequency adaptive SOGI block diagram for generation of an orthogonal 
component. 
The dynamic response of the SOGI is defined by the damping factor, ks. Low 
values of ks result in more selective filtering response and a longer stabilization time, 
whereas high values result in faster and less damped responses [72]. A trade-off between 
stabilization time and overshot limitation can be achieved with ks = √ . 
The block diagram for the proposed PLL+ICA module is shown in Fig. 4.8. In 
order to extract the positive sequence components during the genset support mode, the 
genset output voltages (vsabc) are first transformed into αβ frame (vαβ) using Clark 
transformation: equation (4.1). Then, the positive sequence components, in αβ frame, can 
be extracted using equation (4.3). Finally, the phase angle and peak amplitude can be 
extracted from the positive sequence components. The extraction of the phase angle from 
the positive sequence components (PSC) is shown in Fig. 4.8(a). The resonant frequency 
of the DSOGI is provided be the FLL. Fig. 4.8(b) shows the structure of the FLL. In this 
system, γ is an integration gain and ωff is the rated center frequency, which is used as 
feed-forward. The extraction of the peak amplitude from the positive sequence 
components during the genset support mode is shown in Fig. 4.8(c) (upper path with 


























(b) FLL for frequency estimation. 
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(c) Magnitude of the PCC voltage generation or extraction. 












































During the transition from genset support to grid forming mode, it is expected that 
the PCC voltage and its angular frequency and phase angle should be the same just before 
disconnection of the genset from the mini-grid system. The damping factor ks defines the 
dynamics of the SOGI as described in equations (4.12) and (4.13). If ks is set to zero, the 
output positive sequence component will oscillate indefinitely with frequency ωo 
regardless of its input [86]. When the genset is disconnected, then the PLL+ICA module 
makes ks = 0; so the SOGI will operate with the same frequency as ωo. Therefore it is 
possible to change the frequency and phase angle in this mode (grid forming) by 
changing ωo. However the amplitude of the output positive sequence voltage components 
does not keep the same value and it changes in this mode [86]. Therefore, careful 
measures should be taken account for controlling the PCC voltage by the BESS. The 
phase angle of the system is extracted using the positive sequence αβ components in the 
grid forming mode also. It corresponds to the desired operating frequency of this DSOGI-
FLL system. 
Again, as the mode changes from genset support to grid forming, the parameter γ 
changes to 0. Therefore, it will keep the same frequency value after disconnection as it 
was during genset support mode. As mentioned in the MSTS section, the genset is 
unloaded before disconnection from the mini-grid system; therefore, the mini-grid system 
operates with the no-load frequency of the genset (due to the droop characteristic). Since 
the rated frequency of the mini-grid system is 60 Hz, so the frequency should be changed 
to the rated value. As the center frequency for the FLL is 60 Hz, so the desired rated 




feedback loop as shown in Fig. 4.8(b), where the integrator resetting depends on kz, and 




t                                                                 (4.14) 
For this work, kz = 80 has been selected which results in a settling time of 0.05 s. 
The input to the DSOGI-FLL block is still the genset voltage but since the parameters of 
the DSOGI-FLL are zero, it does not affect the output frequency and phase angle. When 
the genset is ready to be reconnected to the mini-grid system, then the frequency and 
phase angle should be synchronized. So, at the beginning of the synchronization process 
and in order to avoid large transients, conservative values of ks and γ are chosen [86], 
making the reference/output voltage of the grid forming unit synchronize with the genset 
output voltage. When the magnitude of the voltage is also updated, then the genset can be 
reconnected to the mini-grid system and the BESS can go back to the support mode. 
After the reconnection, the parameters of the DSOGI-FLL can be updated to the desired 
ones [86]. Table 4.1 shows the logic used for selecting the parameters of the DSOGI-FLL 
system in different modes and during the transition processes as adopted in this work. 
Table 4.1. Look-Up Table Used for the Parameters’ Value of DSOGI-FLL. 
mode gf2s ks γ 
1 0/1 √  0.411 
0 0 0 0 
0 1 √ /5 0.411/100 
The generation of reference q axis voltage (Vq
*
) during different modes and 
transition between the modes, is shown in Fig. 4.8(c). This quantity also represents the 






for the per-phase voltage controller is kept the same as the peak value of the positive 
sequence component of the PCC voltage during the genset support mode (when mode = 
1) as shown in Fig. 4.8(c). When the variable mode changes from 1 to 0, indicating grid 
forming mode, the last value of the PCC voltage is held by a sample and hold (S&H) 
block. Then, at the beginning of the grid forming mode, the amplitude is changed to the 
rated value (375.6 V peak for the phase voltage), as shown in Fig. 4.8(c). The grid 
forming unit continues operating with this value as Vq
*
. When the genset is to be 
reconnected, Vq
*
 for the grid forming BESS should be the same as the peak value of the 
genset output voltage. However, the peak value provided by the DSOGI and PSC is not 
the correct one just before the reconnection signal gf2s becomes 1. Therefore, when gf2s 
becomes 1 with ks = √ /5 and γ = 0.411/100, it takes almost 0.3 s (worst case) for the 
DSOGI and PSC to reach the steady state peak value of the genset output voltage [86]. In 
order to keep some margin, a delay of 0.75 s is considered before updating the value of 
Vq
*
 from the instant gf2s becomes 1. As soon as the mode transfer is done, it again keeps 
following the peak value of the positive sequence component of the PCC voltage with ks 
= √  and γ = 0.411. 
4.3 Diesel Genset Model 
A 30 kW diesel genset has been considered for analyzing the transient response of a 
diesel hybrid mini-grid. The diesel genset model consists of two main elements: A 
synchronous generator (SG) and the prime mover (diesel engine) as shown in Fig. 4.9. 
The SG is implemented with the 31.5 kVA/460 V, 1800 RPM/ 60 Hz "synchronous 
machine" block available in SimPower Systems library of Simulink. The SG is connected 




also has a measurement block to measure its output currents (Ig) and voltage (Vs). The 
mechanical input for the SG is selected to be "speed ω," thus making the inertia constant 
H of the block to be disregarded. The mechanical shaft of the genset is represented by a 
first order transfer function with the moment of inertia of the engine and SG lumped 
together as shown in Fig. 4.9. 
 
Fig. 4.9. SIMULINK implementation of diesel generator. 
The “Genset control” block contains the speed and voltage controllers, which are 
shown in Fig. 4.10. The field voltage (Vf) of the SG is provided by a PI type voltage 
regulator with 5% droop and its input is the rated voltage of the generator as no-load 
reference voltage as shown in (lower part of) Fig. 4.10. The fuel injection actuator is 
represented by a first order transfer function while a delay block models the time interval 
between fuel injection and torque developed in the mechanical shaft of the diesel engine. 
The governor of the genset is of the PI type with a 5% droop (P-ω Droop) and its input is 
the no-load speed of the genset as shown in (upper part of) Fig. 4.10. Further details of 





Fig. 4.10. SIMULINK implementation of genset controller. 
4.4  Performance Verification 
The performance of the proposed control strategy of the BESS is verified by means 
of simulation using SIMULINK. The three-phase BESS operates with SPWM at 5 kHz 
from a 1000 V DC bus and the rated output voltage is 460 VL-L at 60 Hz. The current and 
voltage sensors are assumed to be ideal with a unity gain. The inductance and resistance 
of the output filter inductor are equal to 3 mH and 0.1 Ω. The capacitance is 25 μF. PI 
controllers were employed in both current and voltage control loops of the per-phase 
controllers. The inner current control loop was designed for a bandwidth (fx) of 1200 Hz 
and ξ = 1.2, yielding kp = 19.54 and ki = 86×10
3
. The outer voltage loop was designed for 
a bandwidth of 120 Hz and ξ = 0.707, yielding kp = 0.016 and ki = 7.106. 
4.4.1 BESS Supporting the Diesel Genset  
In this case, the genset forms the grid and the BESS provides support by 




capacitor currents and injecting/absorbing active power if the genset is about to operate 
outside its ideal power range. The limits for the genset are chosen as Pmin = 12 kW and 
Pmax = 27 kW. Table 4.2 shows the loads for different time instants connected in the mini-
grid during the grid support mode. The load values are rated at 460 V and 60 Hz. 




Load between ‘a’ 
and ‘b’ 
Load between 
‘b’ and ‘c’ 
Load between ‘c’ 
and ‘a’ 
1   0 – 17 6 kW 6 kW 6 kW 
2 17 – 35 9 kW 6 kW 6 kW 
3 35 – 52 12 kW 12 kW 9 kW 
4 52 – 70 9 kW & 3 kVAR (lag) 6 kW 6 kW 
5 70 – 85 2.25 kW 2.25 kW 4.5 kW 
Fig. 4.11 shows some waveforms during load variations with the BESS in the 
genset support mode. As the load demand changes, the genset speed and mini-grid 
frequency vary as per the droop characteristics of the genset as shown in Fig. 4.11(a). 
During heavy load (load#3) these quantities have the minimum value while during light 
load (load#5) condition, these have the maximum values. The magnitude of the peak 
value (of the positive sequence component) of the PCC voltage is not affected as shown 
in Fig. 4.11(a), though the genset operates with Q-E droop characteristics. It happens 
because the load reactive power demand is provided by the BESS. Fig. 4.11(b) shows the 
three-phase average or positive sequence real and reactive power of the genset, load and 
BESS in the genset support mode. The BESS supplies active power during load#3 as the 
load demand is more than Pmax and also absorbs active power when the load demand is 
less than Pmin as seen with load#5. Besides, when an inductive load (load#4) is connected 





       (a) 
 
        (b) 
Fig. 4.11. Waveforms for the genset support mode. (a) Genset shaft speed, mini-grid 
frequency and peak value of the positive seq. voltage; (b) Real and reactive power of the 




Fig.4.12 shows the steady state waveforms of the PCC voltages, genset currents, 
load currents and the BESS output currents in the genset support mode. Depending on the 
load demand, the BESS supplies/absorbs active component of the current, does load 
compensation by supplying the negative sequence currents and compensates the PF so 
that the genset operates with UPF. Due to all these actions, the PCC voltage is balanced 
and fixed at the rated value. Also it ensures the genset current to be balanced and limited 
to 48 A (peak) corresponding to a genset power of 27 kW, while the load current in the 
three phases are in the range of 56 to 64 A (peak) during load#3. It also ensures the 
minimum current to be 21.3 A (peak) for the genset corresponding to the genset 
minimum power of 12 kW, while the load current in the three phases are in the range of 
12 to 18 A (peak). 
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          (e) 
Fig.4.12. Steady-state waveforms of the PCC voltages, genset currents, load currents and 




4.4.2 BESS Acting as Grid Forming Unit  
The desired load voltage for the BESS in grid forming mode is 460 VL-L at 60 Hz. 
Initially the grid forming BESS is supplying a 7.5 kW three-phase balanced load (2.5 
kW/phase). At t = 0.2 s, the load demand increases to 5 kW in between lines A-B and at t 
= 0.3 s, the load demand changes to 3 kW at 0.8 PF lagging in between lines C-A. 
Finally, at t = 0.4 s a single-phase PV inverter connected between lines B-C, starts 
supplying 3.5 kW with UPF. The resulting three-phase load voltages and load currents 
are shown in Fig. 4.13 for the proposed control scheme. The load voltages remain 
balanced in steady-state for all the various load unbalances considered in this study. The 
proposed method presents a very fast response regulating the load voltages almost 
instantaneously, even under highly unbalanced loads. 
 
Fig. 4.13. Output voltages and currents of the grid forming BESS for varying loads. 
Fig. 4.14 shows the reference and actual voltages and currents for the grid forming 
BESS in the dq frame with the proposed control scheme. There, one clearly sees that the 
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       (b) 
Fig. 4.14. Waveforms of the control loops of the grid forming BESS in dq frames. a) 




The current reference signals for the proposed scheme reacts fast to load variations 
and voltage errors to regulate the output voltage as shown in Fig. 4.14. Variations in the 
reference currents to compensate for voltage unbalances take place fast and only in the 
phases directly related to the load variations, while the other is unaffected. 
4.4.3 Transition between the Modes 
This section analyzes the behavior of the BESS during the transitions between the 
genset support and grid forming modes. The load connected to the mini-grid system is 
represented by the active power demand of Pab = Pbc = 3.712 kW and Pca = 5.29 kW, 
which are rated at 460 V and 60 Hz. The load is kept constant during this analysis. The 
goal is to achieve soft transitions during the mode transfer. Some time-domain results 
during the transitions are shown in Fig. 4.15, Fig. 4.16 and Fig. 4.17. The frequency of 
the genset and BESS, peak amplitude of the PCC voltage and the average or positive 
sequence active power of the genset, BESS and load are shown in Fig. 4.15. Fig. 4.16 
shows the PCC voltage, the voltage difference between the genset output and PCC and 
the currents of genset, load and BESS. The actual currents of the three phases of the 





Fig. 4.15. Waveforms during transition between the modes. (From top to bottom: 
Frequency of the genset and BESS; Peak value of the PCC phase voltage; Active power 
of the genset, BESS and load.) 
Initially the system operates in the grid support mode. The genset voltage is the 
input to the DSOGI-FLL block. During steady state in the genset support mode, the 
DSOGI-FLL operates with ks = √  and γ = 0.411. The system is in steady state as shown 
in Fig. 4.15, Fig. 4.16(a) and Fig. 4.17 in between t = 10 s and 15 s. The MSTS module 
activates the transition by setting gs2f  = 1 at t = 15 s and it will be active during this 
transition process from genset support to grid forming. At first, the genset should be 
unloaded. When the gs2f becomes active, the BESS starts to take over all the power of the 
load slowly, making the genset output power become zero. The change of the power 




of the genset drop to zero slowly and the BESS takes over all the positive sequence 
current as shown in Fig. 4.16(a), while the load currents are virtually unaffected during 
this current transfer. As only the positive sequence power component supplied by the 
BESS is changed, the q-axis currents for the three phases increase to supply the required 
load demand, while the d-axis currents are not affected as shown in Fig. 4.17. This 
unloading process of the genset is done by changing the reference active power command 
of the BESS from the output of the look up table to the full positive sequence power of 
the load. Still, it keeps supplying the load negative sequence component and reactive 
power. So the whole load demand is provided by the BESS as shown in Fig. 4.15, Fig. 
4.16(a) and Fig. 4.17. 
 





(b) Transition from grid forming to genset support 
Fig. 4.16. Waveforms during the transitions. (Top to bottom: PCC voltage, difference 
between genset voltage and PCC voltage, genset current, load current and BESS current) 
Since the genset is unloaded, the genset (or mini-grid system) starts operating with 
the no-load frequency (of the genset) after a transient as shown in Fig. 4.15. The MSTS 
block monitors the system status and, as soon as the system reaches steady state (in terms 
of frequency and magnitude of PCC voltage), it changes the mode signal from 1 to 0 at t 
= 27 s. Therefore, the BESS starts operating in grid forming mode. The BESS should be 
working with the same frequency, phase angle and peak value of the PCC phase voltage 
after the genset is disconnected. As soon as the mode signal changes, the DSOGI-FLL 




same frequency and phase angle in the grid forming mode. Again, it is required to set the 
reference value for the per-phase voltage controllers before the disconnection of the 
genset. The DSOGI-FLL block tracks the peak value of the (positive sequence) PCC 
phase voltage and this value is set as Vq
*
 for the per-phase voltage controllers while Vd
*
 is 
set to 0 in the genset support mode. It should be the same after the disconnection to have 
minimal transient on the load which is achieved by a sample and hold block controlled by 
the mode signal. As the operating mode of the BESS changes, the voltage controller of 
each per-phase controller is enabled and it provides the reference current for the inner 
current loop after the disconnection of the genset from the mini-grid system. Therefore, 
the magnitude of the PCC voltage remains the same as shown in Fig. 4.15. Then, the 
BESS keeps supplying the same dq-currents in the three phases to meet the load demand 
after the disconnection of the genset as shown in Fig. 4.17. 
Since the system was operating with the no-load frequency (62 Hz) and the voltage 
of the genset, which is not the same as the rated value in the grid forming mode, the 
BESS can be made to work at rated frequency (60 Hz) and voltage. Therefore, the Vq
*
 is 
updated by the PLL+ICA module to the rated value of 460 V (L-L) at t = 27 s. The 
PLL+ICA module starts updating the reference frequency to the desired 60 Hz at t = 27 s 
as shown in Fig. 4.15. In this way, the grid forming unit keeps working with the rated 
values. Finally, when the steady state is reached for 15 cycles, the MSTS module makes 
gs2f  = 0 at t = 28.5 s indicating the end of the transition. The BESS keeps operating in 







Fig. 4.17. Dq current waveforms for the three phases of the BESS during the transitions. 
The MSTS block initiates the transition by making the signal gf2s = 1 at t = 32.6 s 
and keeps it active during the whole transition process. First, the reference voltage of the 
grid forming unit should be synchronized with the genset output voltage. The phase 
angle, frequency and amplitude can be synchronized using the PLL+ICA module. The 
signal gf2s makes ks = √    and γ = 0.411/100 and also enables FLL block to slowly 
synchronize the phase angle and angular frequency of the BESS with the genset output 
voltage. The frequency update of the BESS from rated value to the no-load frequency of 
the genset can be observed in Fig. 4.15 which takes approximately 0.05 s. Then, Vq
* 
for 
the BESS is updated to the peak value of the genset output (no-load) voltage at t = 33.35 
s as shown in Fig. 4.15, which is controlled by the delayed gf2s signal (of 0.75 s). 
Therefore, the output voltage of the BESS is synchronized with the genset output voltage, 




The MSTS module makes the transition of the BESS from grid forming to genset 
support by making mode = 1 at t = 34.7 s; which in turn closes the genset breaker, 
connecting it to the mini-grid system. As the mode signal changes to 1, the DSOGI 
changes the parameter to ks = √  and γ = 0.411 and keeps tracking the PCC voltage. At 
the same time, it disables the voltage controller of the per-phase controllers by     ̅̅ ̅̅ ̅̅ ̅̅  
signal and the reference input for the current loop is set to the reference current generator 
by the mode signal. During this mode transfer, the genset should not be loaded suddenly. 
To achieve smooth transition of the positive sequence current from the BESS to the 
genset, the positive sequence reference current of the BESS is changed slowly. This 
current change from the BESS to the genset can be observed in Fig. 4.16(b), while the 
load is not affected at all by this transition. Besides, the positive sequence current 
component affect the q-axis current for the three phases of the BESS as shown in Fig. 
4.17, which reduces to the initial value shown in between t = 10 s and t = 15 s. The 
MSTS finds the steady state condition by monitoring the frequency and magnitude of the 
PCC voltage of the mini-grid system. When steady state is reached, the MSTS makes gf2s 
= 0 at t = 48.05 s ending the transition process. 
It should be mentioned that, since the BESS provides the reactive power of the 
mini-grid system in genset support mode, the magnitude of the PCC voltage remains at 
the rated (no-load) value. Also, during the grid forming mode, the voltage is maintained 
at the rated value. Therefore, the magnitude of the PCC voltage almost remains the same 





4.5 Summary of Chapter 4 
A multi-functional control system of a BESS for a variable frequency diesel hybrid 
mini-grid with high penetration of PV and highly unbalanced loads has been presented in 
this chapter. In the genset support mode, the BESS provides load balancing, reactive 
power compensation and active power control of the genset. Therefore, the diesel genset 
operates in balanced condition within a desired power range with UPF and high 
efficiency. In this way, the BESS avoids the impact of unbalanced operation and carbon 
build up in the diesel engine which in turn also reduces operational and maintenance cost 
of the diesel genset. Due to the reactive power compensation by the BESS, the diesel 
genset can use most of its capacity for active power control in the mini-grid system. 
Again, in cases during the net low load of the mini-grid system due to the high supply of 
RESs and/or low load consumption, the BESS operates as grid forming unit while the 
genset is shut-down. In this mode, the BESS provides balanced regulated voltages to the 
mini-grid distribution system, even when supplying power in two phases and absorbing 
in the other one, due to the presence of unbalanced loads and renewable generation. The 
BESS employed a frequency adaptive emulation based per-phase dq-control strategy to 
obtain zero error in steady-state and fast dynamic response for the output voltage/current. 
During the grid forming mode, the BESS employed the cascaded control scheme to 
provide balanced regulated voltage across the unbalanced distribution system, while 
during the genset support mode, it employs only the inner current loop to provide the 
desired compensation currents of the mini-grid. 
In order to define the operating mode of the BESS in the diesel hybrid mini-grid 




proposed in this chapter. It generates several control signals to choose the operating mode 
of the BESS, control the genset breaker and coordinate the smooth transition between the 
modes. It ensures slow loading/unloading of the genset during the transition processes. 
Besides, the synchronization of the BESS with the genset and the disconnection of the 
genset from the mini-grid system are done by the proposed PLL+ICA module; the control 
signals generated by the MSTS are used to perform these processes. The proposed 
PLL+ICA module tracks the PCC voltage during the genset support mode and works as 
an oscillator to provide the desired mini-grid voltage during the grid forming mode. For 
this purpose, it provides/extracts the proper phase angle, angular frequency and the 
reference voltage for the per-phase dq controllers and the reference current generator (in 
the genset support mode). It also ensures minimal disturbance at the PCC voltages during 
the transitions. 
The effectiveness of the proposed multi-functional control scheme of the BESS 
operating in variable frequency diesel hybrid mini-grid has been verified by simulation. 
The results are presented to justify the operation of the BESS in diesel hybrid mini-grid 








The main focus of this Ph.D. thesis is on diesel based hybrid mini-grids. A brief 
background on diesel hybrid mini-grids was provided, discussing the main operation 
(fuel)/maintenance costs and power quality issues in the system. Regarding 
operation/maintenance costs, in diesel hybrid mini-grids, the highly variable residential 
load characteristics in conjunction with non-dispatchable RETs makes gensets operate at 
low load conditions more often, what reduces the efficiency and can cause carbon build-
up in the diesel engine. In terms of power quality, unbalanced operation of the diesel 
genset is the main concern in the system. A BESS can be adopted to mitigate the above 
mentioned issues. However, it requires a suitable control strategy to operate as an 
unbalanced unit both in genset support and grid forming modes. A means for achieving a 
smooth transition between the two modes of the BESS is also necessary. Besides, a fast 
acting current control loop for single-phase PV inverters interfaced to utility or 
microgrid/mini-grid system as well as three-phase BESS in hybrid mini-grids, even for 
operation with variable frequency is important for dynamic operation of the system.  
Some possible solutions for these problems were assessed and proposed in this thesis. 
In order to reduce operating cost, fuel consumption and environmental impact of 
diesel genset, roof-top type PVs are usually incorporated into the mini-grid using current 




vector current control strategy can provide regulated current to the fixed frequency grid 
but has some limitations, i.e., slow dynamic response, unsuitable for variable frequency 
mini-grid system, etc. Therefore, a new vector (dq) current control strategy for single-
phase inverters was presented in this thesis which was based on a fictive axis circuit 
emulation and provided regulated current with high dynamic performance, like its three-
phase counterpart, and was also capable of operating in variable frequency mini-grid 
systems. Simulation and experimental results were presented to justify the performance 
of the proposed vector current control technique. This newly developed control strategy 
also served as the basis for the proposed frequency adaptive per-phase vector control 
strategy of three-phase inverter operating with unbalanced system. 
Stand-alone hybrid mini-grid systems typically present three-phase unbalanced 
distribution systems with single-phase and three-phase loads and renewable energy 
sources. Besides, frequency variation is commonly used for active power sharing in the 
mini-grid system. Therefore, a BESS system with an appropriate control strategy should 
be capable of operating with unbalance voltage/current in the variable frequency diesel 
hybrid mini-grid system in both genset support and grid forming modes. In this regard, 
this Thesis presented a new frequency adaptive per-phase dq control strategy of three-
phase grid forming battery inverter for operation with unbalanced loads. The 
conventional control strategies of grid forming battery inverters usually employ 
symmetrical components calculators, which are implemented using filters. However, the 
dynamics of these filters are usually neglected in the design of controllers which results 
in slow dynamic response. Besides, these filters were usually designed for operation with 




frequency mini-grids. The proposed per-phase dq control strategy employs fictive axis 
circuit emulation in the inner current loop and frequency adaptive SOGI in the outer 
voltage loop to obtain the orthogonal components. As a result, the proposed per-phase 
control strategy is fast and frequency adaptive, with zero error in steady-state unlike the 
conventional control methods. The use of cascaded control loops also allowed such 
system to be used as BESS in a three-phase diesel hybrid mini-grid system.  
For a three-phase three-wire system, a per-phase dq controlled three-leg VSI was 
used to indirectly regulate the positive sequence component of the output voltage and 
cancel the negative sequence voltage drop on the inverter output filter. Recall that the 
zero sequence components do not appear in three-wire systems. Then, the research work 
focused on three-phase four-wire systems, which provide more flexibility for loads and 
DGs in terms of voltage levels. It was shown that the control scheme devised for the 
three-wire system can also be used with a Δ-Y transformer in the output of the inverter. 
Although the zero sequence component in the secondary of the transformer is not 
reflected to the line current of the Δ windings, the phase shift introduced by the 
transformer was taken into account in the proposed regulation of the output voltage with 
the three-leg VSI currents. Finally, the per-phase control strategy was also adapted for 
use in the more flexible and performing four-leg inverter. In this case, a new coupled 
fictive axis circuit emulation for the inner current loop was proposed. The superior 
performance of the proposed per-phase control strategies for the grid forming inverters, 
with respect to the conventional techniques, was demonstrated by means of simulation 




Finally, a complete multi-functional control system of a BESS for a three-phase 
variable frequency diesel hybrid mini-grid with high penetration of PVs and highly 
unbalanced loads was presented in this thesis. The BESS operated mainly in two modes; 
genset support mode and grid forming mode. In the genset support mode, when the 
genset formed the grid, the BESS was operated as a three-phase independently 
controllable current source; it balanced the load, by injecting the negative sequence of the 
load current, provided load reactive power, so that the genset operates with UPF, supplied 
the reactive current for the output filter capacitors of the BESS and controlled active 
power so as to provide minimum loading for the genset to avoid carbon build up and 
supplement it under peak load conditions. Therefore, the diesel genset operated in 
balanced condition within a desired power range with UPF and high efficiency, thus 
avoiding the impact of unbalanced operation and carbon build up in the diesel engine. 
Due to the reactive power compensation by the BESS, the diesel genset could use most of 
its capacity for active power supply in the mini-grid system.  
Again, during the time when the net load of the mini-grid system was low, due to 
the high penetration of PVs and/or low load consumption, the genset could be shut-down 
while the BESS operated as grid forming unit. In this mode, the BESS acted as three-
phase controllable voltage source and provided balanced regulated voltages to the highly 
unbalanced mini-grid distribution system. The control strategy of the BESS was required 
to provide fast dynamic response for the output voltage/current with zero error in steady-
state and should also be capable of working in the variable frequency diesel hybrid mini-
grid. Therefore, the proposed frequency adaptive per-phase dq control strategy with 




BESS employed the cascaded control scheme to provide balanced regulated voltage 
across the unbalanced distribution system. While during the genset support mode, the 
proposed external reference current generator provided the reference current for the 
BESS and it employed only the inner current loop to provide this desired compensation 
currents for the diesel hybrid mini-grid. 
Moreover, an approach for executing the transition of one operating mode to 
another in a smooth way was desired. This and other management tasks were carried out 
by the proposed Mode Selection and Transition System (MSTS) module. This module 
generated several control signals to define the operating mode of the BESS in the diesel 
hybrid mini-grid, control the genset breaker and coordinate the smooth transition between 
the modes. It also ensured slow loading/unloading of the genset during the transition 
processes. The synchronization of the BESS with the genset for transition from grid 
forming to genset support mode and the disconnection process of the genset from the 
mini-grid system during genset support to grid forming mode were done by a proposed 
PLL+ICA module; the control signals generated by the MSTS were used to perform these 
processes. Detailed techniques were developed in this thesis to achieve the desired 
smooth transitions between the modes.  
For proper functionality of the per-phase dq controllers, external reference current 
generator block and MSTS module of the BESS, some variables were required. The per-
phase dq controllers required the phase angle, angular frequency and reference q-axis 
voltage in both modes and also during the transitions. The external reference current 
generator also used these quantities to generate the reference current in the genset support 




the MSTS module to initiate the steps during the transition processes between the modes. 
These quantities were generated or extracted by the proposed PLL+ICA module. It acted 
as a PLL during the genset support mode and extracted the required variables. During the 
grid forming mode, it acted as an oscillator and generated these variables for the desired 
output voltage across the distribution system. Besides, the proposed control strategy for 
this block provided these variables to achieve smooth transitions, so that the load 
connected to the mini-grid did not experience large transient in their supply voltage.  
5.2 Suggestions for Future Work 
Some suggestions for future studies related to the concepts developed in this thesis 
are presented below. 
5.2.1 Analysis of Energy Management for the BESS Based Diesel Hybrid Mini-grid 
A more elaborate energy management system for the diesel hybrid mini-grid 
system could be developed. For this regard the following issues could be considered. 
 A more detail model of an appropriate battery could be adopted in the dc side of 
the BESS. Therefore the SOC information can be directly included in the energy 
management system, 
 Typical unbalanced load profile with renewable energy generation for the diesel 
hybrid mini-grid system should be collected and considered for the energy 
management system, etc. 
The energy management system would have information about the SOC of the 
battery and forecasted net load of the distribution system, therefore, would be able to 
decide the operating mode of the BESS more efficiently. Besides, the load profile will 




5.2.2 Further Investigation of Power Quality Issues in the Diesel Hybrid Mini-grid 
The control system of the BESS could be further investigated for more power 
quality issues in the diesel hybrid mini-grid, i.e., harmonic compensation for non-linear 
loads, frequency improvement during the transients of the mini-grid system, etc. In case 
of non-linear loads connected to the mini-grid, the BESS could supply the harmonic 
components in the genset support mode and compensate for the effects of harmonic at the 
PCC voltage in the grid forming mode. For small diesel dominated hybrid mini-grid 
systems, the kinetic energy stored in the rotating machines is small, which leads to larger 
and faster frequency variations following a sudden power mismatch due to load or PV 
power variations. This transient variation of frequency in the mini-grid system can be 
improved by adopting virtual inertia in the control system of the BESS. 
5.2.3 Fault Study of the BESS Based Diesel Hybrid Mini-grid  
The impact of different faults in the mini-grid system could be assessed. This could 
include the performance analysis of the system during both modes. Depending on this 
analysis, appropriate protection features could be adopted in the BESS system.  
5.2.4 Impact of Secondary Controllable Loads 
Load management is an interesting option for diesel hybrid mini-grid systems. 
Controllable secondary loads, such as water heaters, water pumps, ice making plants, etc., 
can be turned on or off without major issues for the consumers and so can be dispatched 
to balance power generation and consumption in the mini-grid. In the absence of 
dedicated fast communication link for dispatch, these loads can be equipped to 




as a function of the mini-grid frequency. The impact of these loads could be assessed for 
the proposed BESS based diesel hybrid mini-grid system. 
5.2.5 Alternative Options for Energy Storage System  
Ideal battery was considered in the dc side of the three-phase inverter in this Thesis. 
The requirement for this storage unit to operate in the considered diesel hybrid mini-grid 
system was to have bidirectional power flow capability with fast dynamic response. 
Therefore, other alternative storage units or combination of source and storage could be 
assessed; e.g., one alternative could be to analyze a system composed of fuel cell (FC), 
ultracapacitor (UC) and electrolyzer. The FC can provide power but cannot store it and 
also the response is slow. Therefore UC can supply/absorb power during the transient 
condition. The electrolyzer would be used for storage purposes, generating the fuel 
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LIST OF APPENDIX 
Appendix-A : Diesel Genset Parameters 
Table A.1. Parameters of Diesel Genset. 
Rated capacity 31.5 kVA 
Rated speed 1800 rpm 
Rated voltage 460 V 
Number of poles 4 
Moment of inertia 1.2 kg.m
2
 
Droop factor (5%) 
-7.5 kW/Hz 
-0.7667 V/kVAR 
Friction losses coefficient 0.03 kg.m
2
/s 
Fuel injection time constant 0.2 s 
Diesel engine delay 0.022 s 
Speed controller (PI) parameters 0.025 –  0.4 s 
Voltage controller (PI) parameters 1 – 10 s 
 
 
